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ABSTRACT 
     Investigating the role of ghrelin and hormones involved in energy metabolism on energy 
balance and body composition when varying diets and caloric contents are consumed could 
provide insight into the etiology of obesity and related diseases.  In this dissertation, I 
investigated the effect of Atkins and AHA diets in normal weight and overweight women and 
men in both the fed and fasted states on the change in circulating concentrations of ghrelin 
(acylated and total), adiponectin, glucagon, growth hormone, insulin, and leptin before and 
after consuming lunch and over waking hours (07:00 to 22:00).  Eight subjects, ages 20-32, 
participated in each study:  four normal subjects with a normal BMI and four overweight 
subjects with an overweight BMI.  Each subject received both diets by a crossover design.  
Two normal and two overweight subjects were assigned to each diet.  The Atkins’ diet 
contained 10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as 
lipid, and the AHA diet contained 63% of energy as carbohydrate, 12% of energy as protein, 
and 25% of energy as lipid.  Diets were isocaloric.  Each diet was fed for 14 days, and then 
subjects switched to the other diet.  Blood was taken every hour from 7 am to 9 pm on days 
13 and 27 of the study.  Plasma samples were analyzed for active and total ghrelin, leptin, 
insulin, glucagon, growth hormone, and adiponectin.  Lunch results: in women, acylated 
ghrelin concentrations were influenced by the interaction of diet and weight.  Men 
consuming the AHA diet had an increase in acylated ghrelin concentrations over the lunch 
period, whereas, there was no change in acylated ghrelin concentrations in men consuming 
the Atkins diet.  Women and men consuming the Atkins diet had higher glucagon 
concentrations before lunch.  When consuming the AHA diet, overweight women had a 
greater increase in insulin that of normal weight women.  In overweight women, the change 
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in insulin concentrations was greater when the AHA diet was consumed in comparison to the 
Atkins diet.  Result for 14-hour study: acylated ghrelin did not have preprandial increases 
before breakfast and lunch with varied responses before dinner in overweight and normal 
weight women fed either the Atkins or AHA diets in both sequences.  Plasma glucagon was 
greater after lunch through the end of the 14-hour period in women consuming the Atkins 
diet.  Insulin concentrations were higher and had greater responses to meal ingestion in 
women consuming the AHA diet in comparison to the Atkins diet.  Men consuming the AHA 
diet in period 2 had increased acylated ghrelin and total ghrelin concentrations in comparison 
to when the men consumed the Atkins diet.  Insulin concentrations were suppressed in men 
consuming the Atkins diet in comparison to men consuming the AHA diet.  Glucagon 
concentrations were higher in men consuming the Atkins diet in comparison to the AHA diet 
after lunch until the end of the study period (hours 7-14).  Weight class affected some 
hormone concentrations different and thus women and men in overweight and normal weight 
classes were analyzed separately.  Each class of macronutrients influences circulating 
hormone concentrations.  Experimental design is critical in obtaining information on the 
relationship of hormones related to appetite and body composition.  Our results indicate that 
current recommendations may not be appropriate for all individuals as men and women both 
normal weight and overweight have different hormone responses to the macronutrient 
content of the diet.  
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Chapter 1 
General Introduction 
Dissertation Organization 
     This dissertation is to partially fulfill the requirement of the degree of Doctor of 
Philosophy.  This dissertation is organized into chapters.  Chapter 1 consists of the 
dissertation organization, rationale, literature review, objectives of this research and literature 
cited.  Chapter 2 consists of two manuscripts to be published as part I and part II in the 
Journal of Clinical Endocrinology and Metabolism.  Chapter 3 consists of two manuscripts to 
be published as part I and part II in the Journal of Clinical Endocrinology and Metabolism. 
Chapter 4 consists of a manuscript that has been submitted to the Journal of Nutrition.  The 
literature review introduces the background of the topics addressed in the manuscripts in the 
main body of the dissertation. Each manuscript is complete on its own and has an abstract, 
introduction, material and methods, results, discussion, literature cited, tables, and figures.  
Manuscripts are formatted and written according to the requirement of the journals.  
Following the last manuscript, the last chapter contains a general conclusion section and 
future research section followed by the acknowledgements. 
Rationale 
     Obesity is a major health concern for adults and children.  Obesity is associated with 
increased risk of many diseases such as coronary heart disease, stroke, and type II diabetes.  
According to the CDC, from 1999-2008, 33.8% of the total population of the United States 
was obese and 68 % was overweight or obese.  Of total men, 32.3% were obese and 72.3% 
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were overweight or obese.  Of total women, 35.5% were obese and 64.1% were overweight 
or obese.  Numbers of obese and overweight individuals in the United States were stable 
form 1960-1980.  From 1988-1994, the prevalence of obese increased by 8% and increased 
further in 1999-2000 for both sexes and all age groups (1).  Currently, it appears that obesity 
rates have reached a plateau and have not changed over the past 10 years for women and the 
linear trend for men has no change in the last three years (2).  Obesity rates vary among 
races, as obesity is higher in African American than in white Americans.  Much of the 
research on ghrelin and other hormones involved in energy homeostasis has been conducted 
in normal weight individuals compared to obese individuals or with populations with known 
disease states or genetic conditions.  Understanding diet and hormone interaction in the 
progression of obesity is crucial in finding a solution to this growing nutritional problem in 
America.  Investigating the role of ghrelin on energy balance and body composition when 
varying diets are consumed could provide insight into the etiology of obesity. 
Literature Review 
While there are many hormones involved in various processes in the body, this dissertation 
will be focusing a small subset of hormones that are involved in energy metabolism.  There 
are numerous hormones involved in the gastrointestinal tract and for the purpose of this 
literature review; we will be looking at ghrelin (total and acylated), insulin, and glucagon.  
Other hormones discussed in this review will be leptin and adiponectin, which are 
synthesized in the adipose tissue and growth hormone, which is synthesized in the anterior 
pituitary.   
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Ghrelin 
     Ghrelin is a peptide hormone that acts upon the growth hormone secretagogue receptor 
(GSH-R).  The GSH-R was discovered in 1997.  Many synthetic compounds act upon this 
receptor to change the animal’s body composition.  Since the discovery of the GSH-R, the 
search for an endogenous ligand has been conducted.  In 1999, ghrelin was discovered to be 
an endogenous ligand of this receptor (3). 
     Ghrelin is synthesized in the arcuate nuclei and oxyntic glands of the stomach.  Stomach 
ghrelin is thought to be involved in physiological effects and possibly to stimulate the 
secretion of growth hormone.  Some of the physiological effects of ghrelin are 
hyperglycemia in humans, adiposity in rodents (4), increased gastric acid secretion in rats (5), 
and increased gastric motility in rats (5). 
     Ghrelin can be classified into two major circulating forms, n-octanoyl ghrelin and des-
acyl ghrelin.  Both acylated and des-acyl ghrelin have roles in energy homeostasis (6-7).  
Acylation of ghrelin is necessary for the orexigenic and growth hormone stimulation 
activities.  The majority of research published on ghrelin has been research on total ghrelin, 
which is all forms of ghrelin (8). 
     Since the discovery and isolation of ghrelin, many studies have been performed to 
determine the function of ghrelin in the body.  Ghrelin stimulates growth hormone release 
independent of the growth hormone releasing hormone (3).  Additionally, leptin activity is 
controlled by ghrelin.  Ghrelin is an antagonist of leptin by acting upon the neuropeptide 
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Y/Y1 receptor pathway (9).  Leptin causes satiety, whereas ghrelin stimulates nutrient intake 
(10).  Leptin and ghrelin thereby regulate the action of each other in the brain. 
     Several studies have shown the effects of diet composition on circulating ghrelin 
concentration with respect to obesity.  Most studies have involved ghrelin and its effects on 
healthy humans in comparison to obese humans or humans with specific disease states such 
as anorexia nervosa (AN), polycystic ovary syndrome and chronic heart failure or surgical 
modifications of the stomach.  Patients with AN have higher plasma ghrelin concentrations 
than do normal humans (11).  Furthermore, plasma ghrelin in AN patients was associated 
negatively with body mass index (BMI) values.  Patients with chronic heart failure and 
cachexia have high plasma ghrelin concentrations (12).  Ghrelin administered to patients with 
chronic heart failure improves hemodynamic function (13).  Ghrelin could serve two roles in 
chronic heart failure: creating a positive energy balance and improve hemodynamic function 
in the patients.  There have been a number of studies conducted with obese humans and the 
effects of gastric bypass surgery on plasma ghrelin concentrations.  Patients who had gastric 
bypass surgery have lower plasma ghrelin concentrations (14).  Lower plasma ghrelin 
concentrations in gastric bypass patients could be explained by the surgery.  Because ghrelin 
is primarily produced in the stomach, gastric bypass may have an effect on the ghrelin-
producing cells in the fundus of the stomach.  This observation would explain the long-term 
weight loss with gastric bypass surgery.    
      
     Plasma ghrelin concentrations in obese humans are lower than ghrelin concentrations of 
normal weight individuals (15).  English and colleagues demonstrated that refeeding after 
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fasting did not decrease the ghrelin concentrations in obese human patients (16).  In normal 
weight humans, fasting ghrelin concentrations decreased after feeding.  Salbe and colleagues 
showed that ghrelin has a negative association with ad libitum feed intake (17).  Studying the 
effects of diet composition on ghrelin concentrations in both normal and obese patients is 
necessary to fully understand the mechanisms by which the body controls feed intake and 
body composition.  Thus, understanding the regulation of ghrelin under conditions of weight 
gain and loss could provide insight into understanding obesity (15).    
      
     In 2002, Beck showed that rats fed a high carbohydrate diet had higher plasma ghrelin 
than those a low carbohydrate diet (18).  This study was a long-term feeding study and 
demonstrated the long-term effects of diet on ghrelin concentration.  In a study by 
Monteleone in 2003, healthy non-obese women were fed either a high fat or high 
carbohydrate meal (19).  The high carbohydrate meal caused the greatest increase in plasma 
ghrelin.  Also, hunger sensation of subjects fed the high carbohydrate diet was suppressed 
more than that of subjects fed the high fat diet. Ghrelin concentration, however, increased 
with weight loss of humans when eating a low fat, high carbohydrate diet (20).  Diet-induced 
obesity, however, was not related directly to ghrelin concentration in juvenile rats prone to 
obesity.  In the Weigle study, high fat diets decrease adiposity without increasing appetite.  
Most studies measure total ghrelin and not the acylated form (8).  The few studies involving 
ghrelin and diet composition have conflicting results, leaving the relationship between 
ghrelin and diet composition unclear. 
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     The research on the effects on dietary macronutrient composition on ghrelin 
concentrations is equivocal.  The majority of research on ghrelin has been focused on total 
ghrelin.  It is not always clear which form of ghrelin (acylated, desacylated, or total) is being 
reported on as the articles state ghrelin without indicating which form was measured in the 
methods section.  Blom and colleagues showed that men consuming a high protein breakfast 
had decrease in total ghrelin concentrations at three and four hours post lunch than that of 
men consuming a high carbohydrate breakfast; however, there was no change observed in 
acylated ghrelin concentrations in men between the high carbohydrate and the high protein 
breakfast (21).  Another study indicated that acylated ghrelin concentrations were lower in 
normal weight women consuming a high protein breakfast in comparison to a normal protein 
breakfast (22).  However, no difference in ghrelin concentrations was observed in women 
consuming normal and high casein diets or in men and women consuming normal and high 
soy protein diets (23-24).  Results vary based on what form of ghrelin is measured, 
composition of the dietary treatment, the form and type of the macronutrient, sex of the 
participants, and timing of the sample taken in the research.   
       
     Most of the high protein diets studied with respect to ghrelin concentrations contained 
between 20-35% of calories as protein with a range of carbohydrate of 35% to 55% of 
calories; (22-25).  The protein source in some of the studies is in liquid form only, powders, 
or from specific sources such as soy; whereas, the protein in the Atkins diet in this study is 
from a variety of sources and forms.  Most studies done on total ghrelin have measured the 
effect of a breakfast meal or lunch meal on total ghrelin concentrations over a 3-4 hour 
period (21, 25).  Studies have shown the total ghrelin concentrations were lower in subjects 
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consuming a high protein meal 3-4 hours post meal in comparison to subjects consuming a 
high carbohydrate meal (26). 
     Caloric content of the diet has been shown to suppress postprandial acylated ghrelin 
concentrations proportional to the amount of calories ingested and that calories were not the 
only determinant of next meal initiation (27).  When fasted rats were given either water or a 
glucose solution, ghrelin concentrations decreased after the glucose solution was 
administered but not when just water was administered, demonstrating that the amount 
ingested is not the signal for ghrelin suppression rather the composition what is ingested (28).  
When the pyloric sphincter was blocked, there was no difference in ghrelin concentrations 
between rats given water or rats given glucose solution indicating that the sensing of the 
caloric/nutrient content of the ingested food occurs past the stomach (28).    
      
      Despite a number of studies of plasma ghrelin and its effects on obesity, the mechanism 
by which ghrelin causes adiposity remains unknown.  Plasma ghrelin concentrations in obese 
humans are lower than those of normal weight individuals (15).  Cerebrospinal fluid (CSF) 
ghrelin is lower in obese humans than in normal weight humans (29).  Obese humans have 
lower ghrelin concentrations both in plasma and CSF.  This is contrary to the findings in 
rodents where ghrelin was injected and an increase in adiposity was shown (4).  Studying the 
effects of diet composition on ghrelin concentrations in both normal and obese patients is 
necessary to fully understanding the mechanisms by which the body controls feed intake and 
body composition.  Thus, understanding the regulation of ghrelin under conditions of weight 
gain and loss could provide insight into understanding obesity (15). 
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Adiponectin 
       Adiponectin is one of several adipokines synthesized and secreted from the adipose 
tissue.  In addition, adiponectin is known as adipoQ, Acrp 30, apM1, GBP28.  Research has 
shown the adiponectin increases insulin sensitivity, increases glucose uptake in muscle, 
decreases liver gluconeogenesis and stimulates -oxidation of fatty acids as well as being a 
anti-inflammatory agent (30-32).  Adiponectin increases in fatty acid oxidation through 
activation of AMPK in skeletal muscle, which is how adiponectin is thought to increase 
insulin sensitivity (33-34).  Adiponectin decreases gluconeogenesis by activating AMPK in 
the liver, resulting in reduced rate of hepatic glucose production (33, 35).
     Leptin and adiponectin regulate body weight in tandem with the effects on the brain to be 
additive.  Concentrations of adiponectin are inversely proportional to fat mass in adults 
whereas leptin concentrations are elevated in obesity.  In obese subjects, adiponectin 
concentrations are lower than in normal weight counterparts (36).  Inflammation is thought to 
play a role in obesity.  Considering the role of adiponectin as an anti-inflammatory agent, the 
decrease in adiponectin concentrations in obese individuals may play a role in the 
inflammatory aspect of obesity.    
     Some studies have shown that there is no effect of diet on adiponectin and that 
adiponectin has small changes in concentration from the fasted to postprandial states (27, 
37).   However, no studies have measured the effects of varying dietary compositions on the 
concentrations of adiponectin over the course of a day.   In addition, the effects of diet on 
varying weight classes on adiponectin concentrations have not been well characterized. 
9


Glucagon 
     Glucagon is produced by the pancreatic -cells.  Glucagon maintains acute blood glucose 
concentrations therefore, the lack of an increase in glucagon concentrations in the fasted state 
may be the result of the switch from immediate regulation of blood glucose by glucagon to 
short term fasting regulation of blood glucose by epinephrine and the increase in glucagon 
later in the day is a result of the low carbohydrate content of the diet (38-39).  Glucagon is 
the second regulator when blood glucose concentrations are low.  The first step in blood 
glucose regulation is the decrease in insulin concentrations then the release of glucagon from 
the pancreas (39-40). 
   
     Glucagon may play an important role in the maintenance of blood glucose concentrations 
when low carbohydrate diets are consumed.  A long-term study of a low carbohydrate diet 
showed no differences in insulin, glucagon, or glucose at fasting (40).  However, this does 
not take into account that epinephrine is more likely responsible for the maintenance of blood 
glucose after an overnight fast and thus glucagon concentrations may be different from the 
concentrations measured at fasting.    
Insulin 
     Insulin has two primary roles: regulation of blood glucose concentrations and an adiposity 
signal.  Insulin regulates plasma glucose concentrations and energy balance (41).  Insulin and 
leptin regulate each other with respect to energy stores.  Leptin inhibits insulin secretion 
when energy stores in the adipose tissue are sufficient whereas, insulin stimulates leptin 
secretion from white adipose tissue when in positive energy balance (42).  However, leptin 
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does not regulate the short-term effects of insulin secretion, which regulates blood glucose 
concentrations.  
     Insulin concentrations have been shown to be lower when a high protein diet was 
consumed versus a high carbohydrate diet (43).  This response would be related to the role of 
insulin in regulating blood glucose concentrations.  Insulin sensitivity can be altered by the 
composition of the diet.  When a low carbohydrate diet is consumed, fatty acids are released 
into the blood and ketone bodies are produced for use as fuel in cells that do not need 
glucose.  
Leptin 
     Leptin is one of the two adipokines discussed in this dissertation.  Adipokines or 
adipocytokines are synthesized and secreted by the adipose tissue.  In the 1950’s, it was 
hypothesized that there was a factor in the blood that controlled food intake when energy 
store were high (44).  In the late 1950s, the discovery of the ob and db loci resulted in the 
thought of a satiety factor associated with the ob loci (45).  Leptin is a 16 kDa protein 
hormone secreted from the adipose tissue.  Leptin is significantly higher in women than in 
men of the same body mass and of similar fat mass (46-48).  Obese individuals have higher 
leptin concentrations in comparison to normal weight individuals (47).  Leptin is sensitive to 
the fasting state and starvation than to excess energy from overfeeding (49). 
     Leptin concentrations peak at 02:00 and decrease over time and remains stable over 
waking hours when humans were fed a high fat/low carbohydrate or a high carbohydrate/low 
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fat diet (50).  Another study demonstrated that leptin concentrations remained low from 
06:00 and begin a gradual rise at 18:00 toward the 02:00 peak (51).  For detection of changes 
of leptin in response to a diet, a 24-hour curve is the best measure of changes in leptin over 
time.  However, measuring leptin concentrations at fasting would give an accurate picture of 
the leptin concentrations during waking hours (07:00-22:00) in most humans.  Leptin is 
acutely affected by food intake (43, 52, 53).  However, this effect is seen by changes in the 
overnight concentration, which is not correlated with fasting concentrations.  Most studies 
measure leptin concentrations at fasting only or during the waking hours of humans.  These 
measurements explain the lack of large changes in leptin in response to changes in 
macronutrient composition. 
Growth Hormone  
     Growth hormone’s (GH) primary role is the promotion of growth.  Growth hormone 
concentrations are lower in obese humans and decrease with age (54).  Obese individuals 
have lower GH concentrations in comparison to normal weight women (54).  The pulses of 
GH are less frequent and the half-life of GH is shorter in obese humans but can be partially 
recovered by weight loss (54-55).    
  Obesity is a risk factor for type II diabetes.  Insulin resistance can be caused by long term 
fasting as well as obesity (56).  In long-term fasting, GH concentrations are elevated as well 
as the concentration of free fatty acids (FFA) in the blood (57).  Growth hormone promotes 
lipolysis, which increase the concentrations of FFA in the blood (58, 59).  The products of 
the breakdown of FFA during fasting or a low carbohydrate diet are ketone bodies (60).  
Ketone bodies decrease the concentrations of specific amino acids in the blood (61, 62).  
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When a low carbohydrate diet is consumed, the body relies on lipids, specifically ketone 
bodies, for energy.  Growth hormone promotes lipolysis while sparing protein thus 
maintaining fat free mass (63).   
   
     Growth hormone actions on lipid and glucose metabolism are opposite of the actions of 
insulin.  Insulin inhibits lipolysis and increases glucose uptake whereas GH increases 
lipolysis in adipose tissue and inhibits glucose uptake in the muscle.  Growth hormone 
impairs insulin sensitivity (38).  Adiponectin increases insulin sensitivity of the muscle and 
increase -oxidation of fatty acids (33, 34).  The complex relationship of GH, insulin and 
adiponectin had yet to be clarified.  Obese individuals have lower concentrations of 
adiponectin and GH while insulin concentrations are higher.  Understanding this relationship 
of GH, insulin, and adiponectin may give insight into the treatment of type II diabetes. 
      
           In Chapters II and III, we investigated the effect of the American Heart Association 
and Atkins diet on ghrelin and other hormones involved in energy metabolism.  The overall 
objective of these projects was to elucidate the relationship of diet composition and ghrelin 
concentration with respect to obesity.  To accomplish the overall objective, we compared the 
variation of ghrelin over 15 hours in lean and overweight female and male humans.  We will 
compare the effects of two common diets, Atkins’ and American Heart Association (AHA), 
on ghrelin, other hormones associated with energy metabolism, and blood metabolite 
concentrations in blood. 
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The specific aims of this project were to: 
1. Analyze plasma for ghrelin (total and acylated), insulin, leptin, glucagon, 
adiponectin and growth hormone concentration variation during the waking hours 
of humans, 
2. Analyze plasma for blood metabolites from normal and overweight females,  
3. Compare plasma ghrelin (total and acylated), insulin, leptin, glucagon, 
adiponectin and growth hormone concentrations during the waking hours of 
humans who consume the Atkins’ and AHA diets,  
4. Determine body composition of female subjects before, during, and after the diet 
study, and 
5. Determine the effects of the consumption of breakfast (fed or fasted state) on the 
concentrations of ghrelin (total and acylated), insulin, leptin, glucagon, 
adiponectin and growth hormone before and after the noon meal.  
 Completion of these aims will provide necessary information on the influence of two 
diets with highly divergent composition on plasma ghrelin and related hormones.  A long-
range goal is that practical procedures may be developed to regulate obesity development 
through dietary manipulation of plasma ghrelin, which regulates food intake. 
      
      In Chapter IV, we investigated the effect of overnutrition and undernutrition on neonatal 
calves as a model for human neonates.  Calves were assigned to no-, low-, and high growth 
groups.  We measured the concentrations of ghrelin (total and acylated), insulin, and 
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glucagon weekly in the calves.  In addition, we measured the concentrations of total and 
acylated ghrelin over the course of the light cycle in a subset of the calves.   
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Chapter II: Part I 
Effect of American Heart Association and Atkins diets on the change in circulating 
concentrations of ghrelin and other hormones involved in energy metabolism: 
comparison of the fed and fasted states over lunch period in normal and overweight 
women
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ABSTRACT 
     Investigating the role of appetite-related hormones on energy balance and body 
composition in women when varying diets are consumed could provide insight into the 
etiology of obesity.  In this study, we investigated the effect of Atkins and AHA diets in 
normal weight and overweight women in both the fed and fasted states on the change in 
ghrelin (acylated and total), adiponectin, glucagon, growth hormone, insulin, and leptin 
before and after consuming lunch.  Eight female subjects, ages 20-32, participated in this 
study:  Four normal subjects with an average BMI of 21.3 and four overweight subjects with 
an average BMI of 26.7.  Each subject received both diets by a crossover design.  In period 
one, two normal and two overweight subjects were assigned to the Atkins diet.  The Atkins 
diet contained 10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy 
as lipid.  The remaining two normal and two overweight subjects were assigned to the AHA 
diet that contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of 
energy as lipid.  Diets were isocaloric.  Each diet was fed for 14 days, and then subjects 
switched to the other diet.  On days 6 and 20, breakfast was consumed before 08:00 and 
blood was taken at 11:00 and 1 hr after the noon meal.  On days 14 and 28, subjects were 
fasted and blood samples were taken at 11:00 and 1 hr after the noon meal.  Acylated ghrelin 
concentrations were influenced by the interaction of diet and weight.  Normal weight women 
consuming the AHA diet had a greater change in acylated ghrelin concentrations (P < 0.01).  
Women consuming the Atkins diet had higher glucagon concentrations before lunch (P < 
0.0001).  When consuming the AHA diet, overweight women had a greater increase in 
insulin than that of normal weight women (P <0.05).  In overweight women, the change in 
insulin concentrations was greater when the AHA diet was consumed in comparison with the 
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Atkins diet (P <0.05).  Hormone concentrations responded differently to diet, weight class, 
fed or fasted state, sequence of the diets, and the interactions of these variables.  These 
results indicate a varied relationship of appetite-related hormones with respect to diet 
composition.  
INTRODUCTION 
     Acylated ghrelin is an orexigenic peptide hormone (1).  Leptin and insulin cause satiety, 
whereas acylated ghrelin stimulates nutrient intake (2,3).  Leptin and acylated ghrelin 
regulate the action of each other.  Additionally, leptin can inhibit insulin secretion based on 
the needs of the adipose tissue; moreover, insulin signals the secretion of leptin from white 
adipose tissue (4).   
     Macronutrient composition of the diet can affect hormone concentrations in the blood.  
Healthy non-obese women fed a high carbohydrate meal had a greater increase in plasma 
ghrelin in comparison to women fed the high fat meal (5).  Also, hunger sensation of subjects 
fed the high carbohydrate diet was suppressed more than that of subjects fed the high fat diet.  
However, subjects fed a high protein breakfast felt more satiated than subjects fed a high 
carbohydrate diet (6).  Ghrelin concentration, however, increased with weight loss in humans 
when eating a low fat, high carbohydrate diet, whereas high fat diets decreased adiposity 
without increasing appetite (7).   
     Results from studies with high protein diets are mixed.  Increasing specific protein 
sources (soy and casein) in the diet did not affect ghrelin concentrations (8,9).  Al Awar and 
colleagues showed that a high protein diet decreased acylated ghrelin concentrations, 
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whereas Blom and colleagues showed that a high protein diet resulted in no change in 
acylated ghrelin concentrations (10,11).   
     In addition, weight class can influence the concentrations of hormones in plasma.  Plasma 
ghrelin concentrations in obese humans are lower than those of normal weight individuals 
(12).  One study demonstrated that refeeding after fasting did not decrease the ghrelin 
concentrations in obese human patients (13).  In normal weight humans, fasting ghrelin 
concentrations decreased after feeding.  In 2004, Salbe and colleagues showed that ghrelin 
has a negative association with ad libitum feed intake (14).  Studying the effects of diet 
composition on ghrelin concentrations in both normal weight, overweight, and obese patients 
is necessary to understand the mechanisms by which the body controls food intake and body 
composition.  Thus, understanding the regulation of ghrelin under conditions of weight gain, 
maintenance, and loss could provide insight into understanding obesity (12). 
      The overall objective of this research was to elucidate the relationship of diet 
composition and ghrelin concentration with respect to obesity.  We compared the effects of 
macronutrient composition of two common diets, Atkins New Diet Revolution (Atkins) and 
American Heart Association (AHA), on ghrelin and selected hormones associated with 
energy metabolism (15, 16).  We hypothesized that overweight females will have greater 
ghrelin concentration in plasma.  Furthermore, we hypothesized that subjects consuming the 
Atkins diet will have lower plasma ghrelin and lower insulin concentrations than subjects 
consuming the AHA diet. 
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MATERIALS AND METHODS 
Subjects 
     Approval for all screening and study procedures was obtained from the Iowa State 
University Institutional Review Board.  Each subject read and signed an informed consent 
document.  Subjects were screened for BMI, eating disorders, and major health problems 
through an interview and physical examination.  Volunteers were excluded if they have or 
had an eating disorder or have a major health problem such as diabetes, polycystic ovary 
syndrome, heart conditions, and hypoglycemia.  Eight women were chosen for the study; 
four with normal weight BMIs and four with overweight BMIs (17, Table 1).  Female 
subjects in each weight class were assigned randomly to treatment diets.  One participant 
discontinued participation the 2nd day of the study for personal reasons and an alternate 
participant continued on the study.
     Each subject received both treatment diets by a crossover design.  Subjects were given 
2000 kcal/day based on average energy intake of females of that age group (18).  For the first 
period, two normal and two overweight subjects were assigned to the Atkins diet and the 
others to the AHA diet.  The Atkins diet contained 10% of energy as carbohydrate, 45% of 
energy as protein, and 45% of energy as lipid.  The AHA diet contained 63% of energy as 
carbohydrate, 12% of energy as protein, and 25% of energy as lipid.  Diets were formulated 
using Nutritionist Pro (version 2.3; First DataBank, Inc.; San Bruno, CA) by a registered 
dietitian.  All diets were prepared and served by personnel at the Human Metabolic Unit at 
Iowa State University.  Participants consumed each diet for 14 days with a repeating 7-day 
menu for each diet.  Meals were served between 08:00-09:00, 12:00-13:00, and 17:00-18:00 
in the dining area of Human Metabolic Unit. 
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      On days 6 and 20, breakfast was consumed between 07:00-08:00 and blood was taken at1 
hr before and 1 hr after completion of the noon meal (Fed state).  On days 14 and 28, subjects 
were fasted from 22:00 on day 13 to 12:00 on day 14 and then fed their meal at 12:00 (Fasted 
state).  Two blood samples were taken on days 14 and 28 at 11:00 and 1 hr after the 
completion of the noon meal.  All blood was collected in EDTA-containing vacutainer tubes 
(BD Scientific, Franklin Lakes, NJ) and kept at 4 °C during processing.  Samples were 
centrifuged at 3000 × g for 20 min.  Plasma was collected and analyzed for adiponectin, 
ghrelin (acylated and total), glucagon, growth hormone, insulin, and leptin.   
Hormone Analysis 
  Adiponectin concentrations were measured by using a commercially available 
radioimmunoassay (Linco Research, St. Charles, MO).  The lower limit of detection was 1 
ng/mL, and the intra-assay coefficient of variation was < 10%.   
     Total ghrelin concentrations were measured by using a commercially available 
radioimmunoassay kit (Linco Research, St. Charles, MO).  The lower limit of detection was 
93 pg/mL, and the intra-assay coefficient of variation was < 10%.   
     For acylated ghrelin samples, 50 µL of 1 N hydrochloric acid and 10 µL of 10 mg/mL 
phenylmethylsulfonyl fluoride (PMSF, Sigma, St. Louis, MO) in methanol were added for 
every 1 mL of plasma immediately after centrifugation.  Acylated ghrelin concentrations 
were measured using a commercially available radioimmunoassay kit (Linco Research, St. 
Charles, MO).  This assay has been found to be highly specific for acylated ghrelin with less 
than 0.1 % cross-reactivity for desoctanoyl ghrelin and no cross reactivity with ghrelin 14-28, 
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motilin-related peptide, leptin, insulin, glucagon, or GLP-1 (7-36).  The lower detection limit 
was 7.8 pg/mL.  The intra-assay coefficient of variation was < 10%.   
     For glucagon samples, 50 µL of aprotinin (5500 KIU/mL, Sigma, St. Louis, MO) were 
added to 1 mL of plasma with a final concentration of 550 KIU aprotinin per mL of plasma.  
All plasma samples were stored at -20 °C until assayed. Glucagon concentrations were 
measured by using a commercially available radioimmunoassay (Linco Research, St. 
Charles, MO).  The lower limit of detection was 20 pg/mL, and the intra-assay coefficient of 
variation was < 10%.   
     Growth hormone concentrations were measured by using a commercially available 
radioimmunoassay (Diagnostic Products Corporation (DPC), Los Angeles, CA).  The lower 
limit of detection was 0.9 ng/mL, and the intra-assay coefficient of variation was < 10%.      
      Insulin concentrations were measured by using a commercially available 
radioimmunoassay (Linco Research, St. Charles, MO).  The lower limit of detection was 0.2 
µU/mL (1.389 pmol/L), and the intra-assay coefficient of variation was < 10%.   
     Leptin concentrations were measured by using a commercially available 
radioimmunoassay (Linco Research, St. Charles, MO).  The lower limit of detection was 0.05 
ng/mL, and the intra-assay coefficient of variation was < 10%.   
Statistics 
      Hormone data were analyzed by using the MIXED procedure in SAS (Version 9.1, SAS 
Institute, Cary, NC).  All hormone data were analyzed as a split-plot with repeated measures 
ANOVA.  The hormone concentrations for before lunch were analyzed.  In addition, the 
change score of before lunch concentrations subtracted from 1 hr after lunch concentrations 
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were analyzed.  The model included fixed effects of diet, weight (weight class), state (fed or 
fasted), sequence, diet*weight, weight*sequence, sequence*state, diet*weight*state, and 
diet*weight*state*sequence, while person(weight*sequence) was included in the model as 
the random effect.  Significance of the interaction terms is listed in Table 2.  No multiple 
comparison adjustments were made because this is an exploratory study.  For all tests, P < 
0.05 was considered significant and P < 0.1 was considered a trend. 
RESULTS 
Comparison of Fed and Fasted States Before Lunch 
Acylated Ghrelin  
      The two-way interaction term of weight*diet in the model was significant (P = 0.016, 
Fig. 1).  Normal weight women consuming the Atkins diet had lower ghrelin in comparison 
to normal weight women consuming the AHA diet (85.3 ng/L vs. 205.5 ng/L, P = 0.0029).  
Overweight women tended to have lower active ghrelin concentrations than normal weight 
when consuming the AHA diet (130.6 ng/L vs. 205.5 ng/L, P = 0.0818). 
Total Ghrelin 
     The four-way interaction (diet*weight*timepoint*sequence) term in the model was 
significant (P = 0.016, Fig. 2).  Normal weight women consuming the Atkins diet who ate 
breakfast had higher total ghrelin concentrations than did normal weight women consuming 
the AHA diet who ate breakfast when the Atkins diet was given before the AHA diet (1,492 
ng/L vs 1,084 ng/L, P = 0.0293) .  The order in which the participants consumed the diets 
altered responses as well.  Fasted normal weight women consuming the Atkins diet had 
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lower total ghrelin concentrations than did fasted normal weight women consuming the AHA 
diet when the AHA diet was administered before the Atkins diet (1,076 ng/L vs. 1,522 ng/L, 
P = 0.0192).   
Insulin 
     The three-way interaction (diet*weight*state) term in the model was significant (P = 
0.002, Fig. 3).  In the fed state, overweight women consuming the Atkins diet had lower 
insulin concentrations that did overweight women consuming the AHA diet (58.6 pmol/L vs. 
153.2 pmol/L, P = 0.0001).  Overweight women consuming the AHA had higher insulin 
concentrations in the fed state in comparison to the fasted state (153.2 pmol/L vs. 42.9 
pmol/L, P < 0.0001).  In the fed state, overweight women consuming the AHA diet had 
higher insulin concentrations than did normal weight women consuming the AHA diet (153.2 
pmol/L vs. 77.4 pmol/L, P = 0.0029).  
Glucagon 
     Glucagon concentrations differed between the AHA and Atkins diets (P < 0.0001, Fig. 4).  
Women consuming the Atkins diet had higher glucagon concentrations than those consuming 
the AHA diet (122.5 ng/L vs. 89.1 ng/L).  There were no significant effects of weight class, 
fed/fasted state, sequence or interactions on glucagon concentrations 1 hr before lunch in 
women. 
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Leptin 
     The three-way interaction (diet*weight*state) term in the model was significant (P = 
0.004, Fig. 5).  When consuming the Atkins diet after eating breakfast, overweight women 
had higher leptin concentrations than normal weight women (12.2 µg/L vs. 4.9 µg/L, P = 
0.009).  Normal weight women consuming the Atkins diet had lower leptin concentrations 
than did overweight women consuming the Atkins diet in the fasted state (4.4 µg/L vs. 11.2 
µg/L P = 0.0139).  In the fasted state, overweight women fed the AHA diet had higher leptin 
concentrations that did normal weight women fed the AHA diet (15.0 µg/L vs. 3.9 µg/L P = 
0.0005).   
     In the fed state, overweight women consuming the Atkins diet had higher leptin 
concentrations than did overweight women fed the AHA diet (12.2 µg/L vs. 8.2 µg/L, P = 
0.0224).  In the fasted state, overweight women had lower leptin concentrations when 
consuming the Atkins diet in comparison to the AHA diet (11.2 µg/L vs. 15.0 µg/L P = 
0.0281).  Overweight women consuming the AHA diet had lower leptin concentrations in the 
fed state in comparison to the fasted state (8.2 µg/L vs. 15.0 µg/L P = 0.0008).   
Adiponectin 
     There was a significant difference in adiponectin concentrations between the fed and 
fasted states (P = 0.0037, Fig. 6).  Adiponectin concentrations were greater in the fed state 
(14,350 µg/L) than in the fasted state (10,347 µg/L).  There were no significant effects of 
weight class, diet, sequence, or interactions on adiponectin concentrations 1 hr before lunch 
in women. 
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Growth hormone 
     Growth hormone concentrations only differed between the fed and fasted states and were 
not affected by weight class, diet, sequence, or interactions 1 hr before lunch in women (Fig. 
7).  Growth hormone concentrations were higher in the fasted state than in the fed state in 
women (6.6 µg/L vs. 3.5 µg/L, P = 0.0340).    
Before and After Lunch Change in Hormone Concentrations 
     Results reported in this section are the change scores of before lunch concentrations 
subtracted from after lunch concentrations of individual hormones.  The changes were 
measured to test the effects of consuming breakfast or skipping breakfast on hormone 
concentrations.  In addition, the changes were measured to test the effect of macronutrient 
composition of the diet and weight class on hormone concentrations.   
Active Ghrelin 
     The two-way interaction term of weight*diet in the model was significant (P = 0.020, Fig. 
8).  Normal weight women consuming the AHA diet had a postprandial decrease in ghrelin 
concentrations in comparison to normal weight women consuming the Atkins diet (-147.4 
ng/L vs. 19.7 ng/L, P = 0.0005).  Normal weight women had a greater decrease in active 
ghrelin concentrations than overweight women when consuming the AHA diet (-147.4 ng/L 
vs. -34.4 ng/L, P = 0.0099).   
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Total Ghrelin  
     There were no differences in the change before and after lunch in total ghrelin 
concentrations with respect to weight, diet, fed/fasted state, sequence, or interactions (Fig. 9). 
Insulin   
     The four-way interaction (diet*weight*timepoint*sequence) term in the model was 
significant (P = 0.04, Fig. 10).  Overweight women consuming the AHA diet had a greater 
increase in insulin concentrations in comparison to overweight women consuming the Atkins 
diet when the AHA diet was given before the Atkins diet when breakfast was not consumed 
(244.5 pmol/L vs. 1.9 pmol/L, P<0.0001).  Overweight women who did not consume 
breakfast fed the AHA diet had greater insulin concentrations than did overweight women 
who did not consume breakfast fed the Atkins diet when the Atkins diet was given before the 
AHA diet (166.0 pmol/L vs. 81.9 pmol/L, P=0.0346).  Normal weight women who did not 
consume breakfast fed the AHA diet had a greater increase in insulin concentrations than did 
normal weight women who did not consume breakfast fed the Atkins diet when the AHA diet 
was administered before the Atkins diet (222.2 pmol/L vs. 15.3 pmol/L, P<0.0001).  From 
the fasted state, normal weight women fed the AHA diet had a greater increase in insulin 
concentrations in comparison to normal weight women fed the Atkins diet when the Atkins 
diet was given before the AHA diet (176.4 pmol/L vs. 41.7 pmol/L, P=0.0025).  In the fed 
state, the change in insulin concentrations was different between the AHA and Atkins diets in 
overweight women when the Atkins was given before the AHA diet (94.5 pmol/L vs. -53.5 
pmol/L, P = 0.0013).   
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     Overweight women fed the AHA diet had a significant difference in the change in insulin 
concentrations between the fed and the fasted states when the Atkins diet was administered 
before the AHA (-53.5 pmol/L vs. 166.0 pmol/L, P < 0.0001).  Normal weight women fed 
the AHA diet had a significant difference in the change in insulin concentrations between the 
fed (36.1 pmol/L) and fasted (176.4 pmol/L) states when the Atkins diet was given before the 
AHA (P=0.0019).  Overweight women consuming the AHA diet had a significant difference 
in the change in insulin concentrations between the fed (-26.4 pmol/L) and fasted (244.5 
pmol/L) states when the AHA diet was given before the Atkins diet (P < 0.0001).  Moreover, 
normal weight women fed the AHA diet had a significant difference in the change in insulin 
concentrations between the fed (117.4 pmol/L) and fasted (222.2 pmol/L) states when the 
AHA diet was given before the Atkins diet (P=0.0119).   
     The change in insulin concentrations was significantly different between normal weight 
and overweight women consuming the AHA diet in the fed state when the AHA diet was 
given before the Atkins diet (117.4 pmol/L vs. -26.4 pmol/L, P=0.0023).  The change in 
insulin concentrations was significantly different between normal weight and overweight 
women in the fed state consuming the AHA diet when the Atkins diet was given before the 
AHA diet (36.1 pmol/L vs. -53.5 pmol/L, P=0.0325).   
     In the fed state, normal weight women consuming the AHA diet had a greater increase in 
insulin concentrations when the AHA diet was given before the Atkins diet (117.4 pmol/L) in 
comparison to when the Atkins was given before the AHA (36.1 pmol/L, P=0.0498). 
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Glucagon  
     The four-way interaction (diet*weight*state*sequence) term in the model was significant 
(P = 0.01, Fig. 11).  Overall, the change in glucagon concentrations is affected by the Atkins 
diet in the fed state in both overweight and normal weight women when the Atkins diet was 
given before the AHA diet (sequence effect).  Overweight women fed the Atkins diet when 
the Atkins diet was given before the AHA diet had significant difference in the change in 
glucagon concentrations between the fed and fasted states (93.6 ng/L vs. -34.0 ng/L, 
P=0.0002).  However, there was a significant difference in the change in glucagon 
concentrations between the fasted and fed states in normal weight women fed the Atkins diet 
when the Atkins diet was administered before the AHA diet (-46.6 ng/L vs. 45.0 ng/L, P = 
0.0030).  
     There was a significant difference in the change in glucagon concentrations between when 
the Atkins diet was given before the AHA diet (93.6 ng/L) and when the AHA diet was given 
before the Atkins diet (-30.3 ng/L) in overweight women fed the Atkins diet in the fed state 
(P=0.0002).  There was a significant difference in the change in glucagon concentrations 
between when the Atkins diet was given before the AHA diet (45.0 ng/L) and when the AHA 
diet was given before the Atkins diet (-34.5 ng/L) in normal weight women fed the Atkins 
diet in the fed state (P=0.0061).   
     Overweight women in the fed state had significant differences in the changes in glucagon 
concentrations between the Atkins (93.6 ng/L) and AHA (-24.0 ng/L) diets when the Atkins 
diet was given before the AHA diet (P=0.0005) and between the Atkins (-30.3 ng/L) and 
AHA (23.48 ng/L) diets when the AHA diet was given before the Atkins diet (P=0.0497).  
There was a tendency for there to be a difference in the change in glucagon in concentrations 
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in normal weight women in the fed state between the Atkins (45.0 ng/L) and AHA (-6.55 
ng/L) diets when the Atkins diet was administered before the AHA diet (P=0.0585).  The 
change in glucagon was significantly different in normal weight women in the fasted state 
between the Atkins (-46.6 ng/L) and AHA (8.1 ng/L) diets when the Atkins diet was 
administered before the AHA diet (P=0.0465).   
Leptin 
     There were no differences in the change before and after lunch in leptin concentrations 
(Fig. 12).  There was no effect of weight, diet, physiological state or sequence on the change 
in leptin concentrations in women. 
Adiponectin  
     There were no differences in the change before and after lunch in adiponectin 
concentrations with respect to weight, diet, fed/fasted state, sequence, or interactions (Fig. 
13). 
Growth hormone 
     There was a significant difference in the change in GH concentrations between the fed 
and fasted states (Fig. 14).  The change in GH concentrations was greater in the fasted state (-
4.92 µg/L) than in the fed state (-1.58 µg/L, P = 0.0197).  However, there was no effect of 
weight, diet, or sequence on the change in GH concentrations in women. 
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DISCUSSION 
     In this study, we investigated the effects of consuming breakfast on hormone 
concentration changes before and after lunch.  Consumption of breakfast in obese subjects 
has been shown to be a key element to successful weight loss (19).  The nutrient composition 
of breakfast has been shown to influence feelings of satiety (6).  In this study, visual analog 
scale of hunger and fullness were not taken but informally reported feeling less hunger and 
increased fullness when consuming the Atkins diet versus the AHA diet.   
 Acylated ghrelin concentrations were higher before lunch in normal weight women 
consuming the AHA diet and decreased after lunch where as normal weight women 
consuming the Atkins diet saw little change in acylated ghrelin concentrations over the lunch 
period.  Blom et al. showed that men consuming a high protein breakfast had decreased total 
ghrelin concentrations at 3 and 4 hr post lunch than that of men consuming a high 
carbohydrate breakfast; however, there was no change observed in acylated ghrelin 
concentrations in men between the high carbohydrate and the high protein breakfast (11).  
Another study indicated that acylated ghrelin concentrations were lower in normal weight 
women consuming a high protein breakfast in comparison to a normal protein breakfast (10).  
In normal weight women, acylated ghrelin concentrations may be influenced by the high 
protein content of the diet.  However, no difference in ghrelin concentrations was observed in 
women consuming normal and high casein diets or in men and women consuming normal 
and high soy protein diets (8, 9).  It is important to note that the diets used in this study were 
more extreme in the differences in macronutrient composition than diets of other studies.  
Most of the high protein diets studied contained between 20-35% of calories as protein with a 
range of carbohydrate of 35% to 55% of calories, whereas our Atkins diet had 45% of 
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calories from protein and 10% of calories from carbohydrate (8-10, 27) and our AHA had 
12% of calories from protein and 63% of calories from carbohydrate.  The protein source in 
some of the studies is in liquid form only, or powders, or from specific sources such as soy.  
The protein in the diets in this study is from a variety of sources and textures, which may 
explain the differences among the studies. 
     In the fed state, normal weight women consuming the Atkins diet had higher total ghrelin 
concentrations than did normal weight women fed the AHA diet.  In normal weight women 
given a high carbohydrate meal, total ghrelin concentrations were lowest between 90 to 120 
min. after a meal (28).  In our study, the before blood sample in the women was at least 3 hr 
after consuming breakfast as participants were to have consumed the breakfast meal prior to 
08:00.  Total ghrelin concentrations increased more after consuming breakfast in the women 
consuming the Atkins diet in comparison to women fed the AHA diet in the fed state.  In the 
fasted state, normal weight women consuming the Atkins diet had lower total ghrelin than 
did women consuming the AHA diet.  Men consuming high protein breakfast had lower total 
ghrelin concentrations in comparison to men consuming a normal protein breakfast (11).  
There were no changes in total ghrelin from 1 hr before lunch to 1 hr after consuming lunch 
in our study.  The period of time was between 2.5 to 3 hr for the lunch period depending on 
the rate of consumption of the lunch meal.  The period between before and after lunch may 
have not been long enough to detect differences in total ghrelin concentrations seen in other 
studies as changes in total ghrelin have been observed in men and women three to four hr 
after consuming a meal (11, 27).  The observed decrease in total ghrelin concentrations at 90 
to 120 min. after consuming a meal may not have been observed in this study as the sampling 
times were chosen to investigate acute effects on hormone concentrations (28).  
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     Obese humans have lower acylated ghrelin concentrations than those of normal weight 
humans (12, 13, 29).  In our study, overweight women tended to have lower ghrelin than did 
the normal weight women when consuming a high carbohydrate diet.  There was no 
difference in ghrelin concentrations between normal and overweight women when a low 
carbohydrate, high protein diet was consumed.  The macronutrient content of the diet 
influenced the acylated ghrelin concentrations in normal weight women consuming the AHA 
but not normal weight women consuming the Atkins diet, nor overweight women consuming 
the AHA or Atkins diets.  Obese women have a smaller change in acylated ghrelin from the 
preprandial to the postprandial state (13).  In our study, normal weight and overweight 
women consuming the Atkins diet had no change in acylated ghrelin from the preprandial to 
postprandial state.  Weight class may be less important than diet in determining the response 
of acylated ghrelin in women.        
 In short fasting times, ghrelin is suppressed, whereas, in long-term undernutrition, ghrelin 
concentrations increase.  The lack of differences between the fed and fasted states in ghrelin 
concentrations may be influenced by the GH/IGF-1 axis (30).  Growth hormone 
concentrations were higher in the fasted state in women in comparison to the fed state.  In 
addition, the change in GH concentrations was greater in the fasted state in comparison to the 
fed state.  Growth hormone can be a negative feedback on total ghrelin (30).  During short 
term fasting, GH can serve as a feedback to ghrelin thus decreasing the concentration of 
ghrelin the blood (31). Physiological state before lunch affected plasma adiponectin 
concentrations in women independent of diet or weight class.  Women in the fed state had 
higher adiponectin than those in the fasted state.  With the increase in blood glucose from the 
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breakfast meal, adiponectin concentrations may be higher to increase glucose uptake in 
muscle and inhibit endogenous glucose production in the liver (20, 21).   
     Glucagon concentrations were influenced by dietary composition.  Women consuming the 
Atkins diet had higher glucagon in comparison to women consuming the AHA diet.  The low 
carbohydrate content of the Atkins diet may have caused the increased glucagon 
concentrations as a result of low blood glucose concentrations.  Glucagon is responsible for 
the maintenance of acute blood glucose concentrations (32).  We hypothesize that the lack of 
an increase in glucagon concentrations in the fasted state may be the result of the switch from 
immediate regulation of blood glucose by glucagon to short-term fasting regulation of blood 
glucose by epinephrine (32-34).  In men, a high protein breakfast resulted in higher glucagon 
concentrations at 30 min. after consumption with no change in glucagon concentrations in 
men consuming a high carbohydrate breakfast (11).  
     Insulin concentrations were influenced by weight, diet, and physiological state.  Insulin 
concentrations were lower in overweight women consuming the Atkins diet in comparison to 
the AHA diet.  In another study, insulin concentrations increased at 30 min. postprandial in 
men consuming a high carbohydrate diet whereas men consuming a high protein diet did not 
have a change in insulin concentrations (11).  Insulin concentrations were higher in the fed 
state versus the fasted state in overweight women consuming the AHA diet.  When food is 
digested and absorbed, blood glucose concentrations increase and in response to increased 
blood glucose concentrations, insulin concentrations increase as well.  Insulin concentrations 
were higher in overweight women, which is similar to the findings in obese women (35, 36).   
     Insulin concentrations are influenced by physiological state and composition of the diet.  
Insulin concentrations should be lower in the fasted state than insulin concentrations in the 
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fed state.  Insulin concentrations are lower when dietary carbohydrates are decreased and 
replaced by dietary lipid (37).  In our study, we also saw a and lipid increased as decrease in 
insulin concentrations when dietary carbohydrate was decreased and protein evidenced by 
women consuming the AHA diet having greater increases in insulin concentrations in 
comparison to the Atkins diet.  The increase in insulin concentrations was higher in normal 
weight women in comparison to overweight women consuming the AHA diet in the fed state.  
Some research shows that insulin resistance increases with increasing BMI (38).  The 
increase in insulin concentrations was seen in overweight women but only when consuming 
the AHA diet, which indicates that consuming a higher protein/lower carbohydrate diet such 
as the Atkins diet results in lower insulin concentrations. 
     Overweight women consuming the AHA diet had a decrease in insulin concentrations 
over lunch in the fed state in comparison to an increase in insulin concentrations in the fasted 
state over lunch.  Consuming breakfast may improve the insulin response to the lunch meal 
and decrease insulin resistance, whereas skipping breakfast increases insulin concentrations 
over the lunch period when consuming a high carbohydrate diet such as the AHA diet.  
However, in normal weight women fed the AHA diet, insulin concentrations increased in the 
women who were fasted or who had consumed breakfast.  Breakfast did not have the same 
effect in normal weight women as consuming breakfast did in overweight women. 
     Overweight women had higher leptin concentrations in comparison to normal weight 
women in both physiological states when fed the Atkins diet and in the fasted state when fed 
the AHA diet.  Leptin concentrations are higher in obese individuals in comparison to normal 
weight individuals.  Overweight women had higher leptin when consuming the Atkins diet 
versus the AHA diet in the fed state, whereas the opposite effect was observed in the fasted 
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state.  Some studies have indicated that subjects fed a high protein diet felt more satiated than 
subjects fed a high carbohydrate diet, which agrees with the hormone results of our study (6).      
Adiponectin has been shown to have small changes in concentration from the fasted to 
postprandial states (22, 23).  In this study, there was no significant change in adiponectin 
concentrations from the fasted or fed pre-prandial state to the post-prandial state.  In addition, 
some research shows that adiponectin concentrations are lower in obese individuals in 
comparison to normal weight individuals (24).  However, we did not observe a significant 
difference in adiponectin concentrations between normal weight and overweight women, 
which may indicate that overweight women do not respond similarly to obese women.  Other 
research shows that adiponectin was lower in obese men but not in obese women in 
comparison to their normal weight counterparts (25).  The difference in BMIs between the 
overweight and normal weight women may not be enough to influence adiponectin 
concentrations.  Our research indicates that grouping overweight and normal weight women 
may not be appropriate when measuring adiponectin responses between physiological states 
at one time point.  Adiponectin has not been shown to be influenced by dietary composition; 
rather, adiponectin concentrations are inversely proportional to the amount of calories in the 
diet, which agrees with our data (22, 23, 26). 
     Universal dietary guidelines may not be appropriate for all humans to achieve optimal 
health. Grouping normal weight, overweight, and obese women would not be appropriate 
based on results in this study and previous research.  Weight class affected some hormone 
concentrations differently, and thus women in overweight and normal weight classes should 
be analyzed separately.  Also, dietary composition influences hormone concentrations.  High 
protein diets affected hormone concentrations differently.  The differences in findings 
44


between studies lie with the total dietary composition.  Several high protein diets increased 
the percent of calories from protein by lowering the percent calories from lipid or by 
lowering calories from both carbohydrate and lipid.  Each class of macronutrients influences 
hormone concentrations, and care should be taken when drawing conclusions about the 
general effects of high protein diets and more generally any diet based on changing a single 
macronutrient.  Experimental design is critical in obtaining information on the relationship of 
hormones related to appetite and body composition. 
ACKNOWLEDGEMENTS 
 Financial support for this experiment was provided by the USDACenter for Designing 
Foods to Improve Nutrition at Iowa State University.  Authors would like to acknowledge 
and thank Dr. P. Dixon for his assistance, guidance, and work on the statistical analysis of 
this research.  Authors would like to thank P. Allen, A. Brown, C. Grote, C. Growth, G. 
Janda, and K. Virgil of the Nutritional Physiology Group at Iowa State University for 
assistance with the blood collection, meal preparation, kitchen duties, and hormone assays.  
Authors would like to thank Dr. K. Hanson for her support, advice, and assistance throughout 
all aspects of the study.  MBB, LLA, AHT and DCB designed the research; MBB conducted 
the research; MBB analyzed the data; MBB wrote the paper; LLA, AHT, and DCB had 
responsibility for final content.   
REFERENCES 
1.  Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K. Ghrelin is a 
GH-releasing acylated peptide from stomach. Nature. 1999;402:656-660. 
45


2. Nakazato, H., Murakami, N., Date, Y., Kojima, M., Matsuo, H., Kangawa, K., and 
Matsukura, S.  A role for ghrelin in the central regulation of feeding.  Nature 
2001;409:194-8.  
3. Baskin DG, Figlewicz Lattemann D, Seeley RJ, Woods SC, Porte D Jr, Schwartz 
MW. Insulin and leptin: dual adiposity signals to the brain for the regulation of food 
intake and body weight. Brain Res. 1999;848:114-23.  
4. Ceddia RB, Koistinen HA, Zierath JR, Sweeney G. Analysis of paradoxical 
observations on the association between leptin and insulin resistance. FASEB J. 
2002;16:1163-76. 
5. Monteleone P, Bencivenga R, Longobardi N, Serritella C, Maj M. Differential 
responses of circulating ghrelin to high-fat or high-carbohydrate meal in healthy 
women. J Clin Endocrinol Metab. 2003;88:5510-4. 
6. Vander Wal JS, Marth JM, Khosla P, Jen KL, Dhurandhar NV. Short-term effect of 
eggs on satiety in overweight and obese subjects. J Am Coll Nutr. 2005;24:510-5. 
7. Weigle DS, Cummings DE, Newby PD, Breen PA, Frayo RS, Matthys CC, Callahan 
HS, Purnell JQ. Roles of leptin and ghrelin in the loss of body weight caused by a low 
fat, high carbohydrate diet. J Clin Endocrinol Metab. 2003;88:1577-86. 
8. Veldhorst MA, Nieuwenhuizen AG, Hochstenbach-Waelen A, Westerterp KR, 
Engelen MP, Brummer RJ, Deutz NE, Westerterp-Plantenga MS. Comparison of the 
effects of a high- and normal-casein breakfast on satiety, 'satiety' hormones, plasma 
amino acids and subsequent energy intake. Br J Nutr. 2009;101:295-303. 
9. Veldhorst MA, Nieuwenhuizen AG, Hochstenbach-Waelen A, Westerterp KR, 
Engelen MP, Brummer RJ, Deutz NE, Westerterp-Plantenga MS. Effects of high and 
46


normal soyprotein breakfasts on satiety and subsequent energy intake, including 
amino acid and 'satiety' hormone responses. Eur J Nutr. 2009;48:92-100.  
10. Al Awar R, Obeid O, Hwalla N, Azar S. Postprandial acylated ghrelin status 
following fat and protein manipulation of meals in healthy young women. Clin Sci 
(Lond). 2005;109:405-11. 
11. Blom WA, Lluch A, Stafleu A, Vinoy S, Holst JJ, Schaafsma G, Hendriks HF. Effect 
of a high-protein breakfast on the postprandial ghrelin response. Am J Clin Nutr. 
2006;83:211-20. 
12. Tschop, M., Weyer, C., Tatranni, A., Devanarayan, V., Ravussin, E., and Heiman,  
M. Circulating ghrelin levels are decreased in human obesity. Diabetes 2001;50:707-
709. 
13. English PJ, Ghatei MA, Malik IA, Bloom SR, Wilding JP. Food fails to suppress 
ghrelin levels in obese humans. J Clin Endocrinol Metab. 2002;87:2984. 
14. Salbe AD, Tschöp MH, DelParigi A, Venti CA, Tataranni PA. Negative relationship 
between fasting plasma ghrelin concentrations and ad libitum food intake. J Clin 
Endocrinol Metab. 2004;89:2951-2956. 
15. Atkins RC.  Dr. Atkins New Diet Revolution:Revised and Improved. New York: 
Avon Books, 2002. 
16. St Jeor ST, Howard BV, Prewitt TE, Bovee V, Bazzarre T, Eckel RH; Nutrition 
Committee of the Council on Nutrition, Physical Activity, and Metabolism of the 
American Heart Association. Dietary protein and weight reduction: a statement for 
healthcare professionals from the Nutrition Committee of the Council on Nutrition, 
47


Physical Activity, and Metabolism of the American Heart Association. Circulation. 
2001;104:1869-74. 
17. Physical status: the use and interpretation of anthropometry. Report of a WHO Expert 
Committee. Geneva, World Health Organization, 1995 (Techinal Report Series, No, 
854):329. 
18. Centers for Disease Control and Prevention. Trends in intake of energy and 
macronutrients--united states, 1971-2000. MMWR Morb Mortal Wkly Rep. 2004; 
53:80-2. 
19. Wyatt HR, Grunwald GK, Mosca CL, Klem ML, Wing RR, Hill, JO.  Long-term 
weight loss and breakfast in subjects in the National Weight Control Registry. Obes. 
Res. 2002;10:78-82.  
20. Combs TP, Berg AH, Obici S, Scherer PE, Rossetti L. Endogenous glucose 
production is inhibited by the adipose-derived protein Acrp30. J Clin Invest. 
2001;108:1875-81. 
21. Sheng T, Yang K. Adiponectin and its association with insulin resistance and type 2 
diabetes. J Genet Genomics. 2008;35:321-6. 
22. Peake PW, Kriketos AD, Campbell LV, Shen Y, Charlesworth JA. The metabolism 
of isoforms of human adiponectin: studies in human subjects and in experimental 
animals. Eur J Endocrinol. 2005;153:409-17. 
23. Swarbrick MM, Havel PJ. Physiological, pharmacological, and nutritional regulation 
of circulating adiponectin concentrations in humans. Metab Syndr Relat Disord. 
2008;6:87-102. 
48


24. Kadowaki T, Yamauchi T. Adiponectin and adiponectin receptors. Endocr Rev. 
2005;26:439-51. 
25. Plaisance EP, Grandjean PW, Judd RL, Jones KW, Taylor JK. The influence of sex, 
body composition, and nonesterified fatty acids on serum adipokine concentrations. 
Metabolism. 2009;58:1557-63. 
26. St-Pierre DH, Faraj M, Karelis AD, Conus F, Henry JF, St-Onge M, Tremblay-
Lebeau A, Cianflone K, Rabasa-Lhoret R. Lifestyle behaviours and components of 
energy balance as independent predictors of ghrelin and adiponectin in young non-
obese women. Diabetes Metab. 2006;32:131-9. 
27. Boelsma E, Brink EJ, Stafleu A, Hendriks HF. Measures of postprandial wellness 
after single intake of two protein-carbohydrate meals. Appetite. 2010. 
doi:10.1016/j.appet.2009.12.014.  
28. Sedlácková D, Dostálová I, Hainer V, Beranová L, Kvasnicková H, Hill M, Haluzík 
M, Nedvídková J. Simultaneous decrease of plasma obestatin and ghrelin levels after 
a high-carbohydrate breakfast in healthy women. Physiol Res. 2008;57:S29-S37. 
29. Shiiya T, Nakazato M, Mizuta M, Date Y, Mondal MS, Tanaka M, Nozoe S, Hosoda 
H, Kangawa K, Matsukura S. Plasma ghrelin levels in lean and obese humans and the 
effect of glucose on ghrelin secretion. J Clin Endocrinol Metab. 2002;87:240-4. 
30. Koutkia P, Canavan B, Breu J, Johnson ML, Grinspoon SK. Nocturnal ghrelin 
pulsatility and response to growth hormone secretagogues in healthy men. Am J 
Physiol Endocrinol Metab. 2004;287:E506-12. 
31. Giavoli C, Cappiello V, Corbetta S, Ronchi CL, Morpurgo PS, Ferrante E, Beck-
Peccoz P, Spada A. Different effects of short- and long-term recombinant hGH 
49


administration on ghrelin and adiponectin levels in GH-deficient adults. Clin 
Endocrinol (Oxf). 2004;61:81-7. 
32. Rizza RA, Gerich JE. Persistent effect of sustained hyperglucagonemia on glucose 
production in man. J Clin Endocrinol Metab. 1979;48:352-5. 
33. Rizza RA, Cryer PE, Haymond MW, Gerich JE. Adrenergic mechanisms of 
catecholamine action on glucose homeostasis in man. Metabolism. 1980;29:1155-63. 
34. Cryer PE. Glucose counterregulation: prevention and correction of hypoglycemia in 
humans. Am J Physiol. 1993;264:E149-55. 
35. Bützow TL, Lehtovirta M, Siegberg R, Hovatta O, Koistinen R, Seppäla M, Apter D. 
The decrease in luteinizing hormone secretion in response to weight reduction is 
inversely related to the severity of insulin resistance in overweight women. J Clin 
Endocrinol Metab. 2000;85:3271-5. 
36. Bonadonna RC, Groop L, Kraemer N, Ferrannini E, Del Prato S, DeFronzo RA. 
Obesity and insulin resistance in humans: a dose-response study. Metabolism. 
1990;39:452-9. 
37. Reaven GM. Effects of differences in amount and kind of dietary carbohydrate on 
plasma glucose and insulin responses in man. Am J Clin Nutr. 1979;32:2568-78. 
38. Aronne LJ, Segal KR. Adiposity and fat distribution outcome measures: assessment 
and clinical implications. Obes Res. 2002;10:14S-21S. 
50


Table 1: Characteristics of Female Participants
1
  
Weight Class Age (yr) BMI Total Mass (kg) Body Fat (%) 
Normal Weight 24.25 ± 5.06 21.3 ± 0.6 a  58.2 ± 4.9a 22.9  ± 3.3a
Overweight 25.75 ± 5.06 26.7 ± 2.5
b
  74.5 ±  3.0
b
 32.7 ±  6.1
b
1
Values are means ± std. dev. 
a,b Means with different superscripts are different.
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Table 2: Significance of Terms in Model
1
Adiponectin AG TG GH Glucagon Insulin Leptin 
Before Lunch Only       
Diet 0.19 0.056 0.66 0.708 <0.0001 0.0082 0.76 
Diet*weight 0.503 0.0084 0.46 0.65 0.15 0.15 0.67 
Weight (wt) 0.28 0.93 0.73 0.18 0.79 0.12 0.026 
Sequence (seq) 0.89 0.14 0.45 0.72 0.98 0.19 0.36 
Weight*seq 0.33 0.64 0.98 0.901 0.12 0.13 0.054 
State 0.0037 0.19 0.504 0.034 0.65 0.0004 0.402 
Seq*state 0.23 0.93 0.65 0.72 0.35 0.0071 0.018 
Diet*wt*state 0.62 0.61 0.24 0.508 0.42 0.0024 0.0043 
Diet*wt*seq*state 0.43 0.87 0.016 0.34 0.15 0.096 0.32 
Difference        
Diet 0.58 0.0019 0.54 0.43 0.85 0.0007 0.49 
Diet*weight 0.94 0.020 0.35 0.81 0.27 0.047 0.37 
Weight (wt) 0.37 0.17 0.97 0.24 0.22 0.14 0.83 
Sequence (seq) 0.29 0.63 0.36 0.60 0.03 0.37 0.073 
Weight*seq 0.61 0.36 0.86 0.999 0.50 0.202 0.63 
State 0.37 0.031 0.81 0.02 0.0047 <0.0001 0.81 
Seq*state 0.206 0.91 0.24 0.99 0.058 0.41 0.401 
Diet*wt*state 0.49 0.48 0.21 0.39 0.04 <0.0001 0.107 
Diet*wt*seq*state 0.56 0.801 0.57 0.22 0.0069 0.036 0.2003 
1
P < 0.05 was considered significant and 0.05 > P < 0.1 was considered a trend. AG = Acylated ghrelin, TG = 
Total ghrelin, GH = growth hormone.
52


Figure 1.  Acylated ghrelin concentrations (mean ± SEM) in the peripheral blood of normal 
weight women and overweight women fed the AHA and Atkins diets (upper panel).  Two 
normal and two overweight subjects were assigned to the Atkins diet.  The Atkins diet 
contained 10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as 
lipid.  The remaining two normal and two overweight subjects were assigned to the AHA diet 
that contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy 
as lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  The interaction of diet*weight was significant (P = 
0.0084).  The acylated ghrelin concentrations in normal weight and overweight women fed 
the AHA and Atkins diets are shown in the lower panel.  a–b Treatment means with different 
superscripts differ, P < 0.05 with  referring to the difference is between diets and 
referring to the difference is between weights.
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Figure 2.  Total ghrelin concentrations (mean ± SEM) in the peripheral blood of normal 
weight women and overweight women fed the AHA and Atkins diets (upper panel).  Two 
normal and two overweight subjects were assigned to the Atkins diet.  The Atkins diet 
contained 10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as 
lipid.  The remaining two normal and two overweight subjects were assigned to the AHA diet 
that contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy 
as lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  The interaction of diet*weight*state*sequence was 
significant (P = 0.0159).  The total ghrelin concentrations in normal weight and overweight 
women fed the AHA and Atkins diets between sequence1 and sequence 2.  a–b Treatment 
means with different superscripts differ, P < 0.05 with  referring to the difference is 
between diets and the number 1 or 2 indicating the sequence.  
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Figure 3.  Insulin concentrations (mean ± SEM) in the peripheral blood of normal weight 
women and overweight women fed the AHA and Atkins diets (upper panel).  Two normal 
and two overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 
10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed for 14 days, and then subjects 
switched to the other diet, which is indicated by period 1 and period 2.  On days 6 and 20, 
breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and after 
the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 on 
day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 28 at 
11:00 and 1 hr after the meal.  The interaction of diet*weight was significant (P = 0.0024).  
The insulin concentrations in normal weight and overweight women fed the AHA and Atkins 
diets in the fed and fasted states are shown in the lower panel.  a–b Treatment means with 
different superscripts differ, P < 0.05 with  referring to the difference is between diets, 
referring to the difference is between weights and  referring to the difference between states.
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Figure 4.  Glucagon concentrations (mean ± SEM) in the peripheral blood of normal weight 
women and overweight women fed the AHA and Atkins diets (upper panel).  Two normal 
and two overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 
10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed for 14 days, and then subjects 
switched to the other diet, which is indicated by period 1 and period 2.  On days 6 and 20, 
breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and after 
the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 on 
day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 28 at 
11:00 and 1 hr after the meal.  Only the main effect of diet was significant (P < 0.0001).  The 
difference in glucagon concentrations between the Atkins and AHA diet in women are shown 
in the lower panel.  a–b Treatment means with different superscripts at specific times differ, 
P < 0.05. 
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Figure 5.  Leptin concentrations (mean ± SEM) in the peripheral blood of normal weight 
women and overweight women fed the AHA and Atkins diets (upper panel).  Two normal 
and two overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 
10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed for 14 days, and then subjects 
switched to the other diet, which is indicated by period 1 and period 2.  On days 6 and 20, 
breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and after 
the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 on 
day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 28 at 
11:00 and 1 hr after the meal.  The interaction of diet*weight was significant (P = 0.0043).  
The leptin concentrations in normal weight and overweight women fed the AHA and Atkins 
diets in the fed and fasted states are shown in the lower panel.  a–b Treatment means with 
different superscripts differ, P < 0.05 with  referring to the difference is between diets, 
referring to the difference is between weights and  referring to the difference between states.
61


Figure 5 
62


Figure 6.   Adiponectin concentrations (mean ± SEM) in the peripheral blood of normal 
weight women and overweight women fed the AHA and Atkins diets (upper panel).  Two 
normal and two overweight subjects were assigned to the Atkins diet.  The Atkins diet 
contained 10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as 
lipid.  The remaining two normal and two overweight subjects were assigned to the AHA diet 
that contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy 
as lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  Only the main effect of physiological state was 
significant (P = 0.0037).  The adiponectin concentrations in the fed and fasted state in women 
are shown in the lower panel.  a–b Treatment means with different superscripts at specific 
times differ, P < 0.05. 
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Figure 7.  Growth hormone concentrations (mean ± SEM) in the peripheral blood of normal 
weight women and overweight women fed the AHA and Atkins diets (upper panel).  Two 
normal and two overweight subjects were assigned to the Atkins diet.  The Atkins diet 
contained 10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as 
lipid.  The remaining two normal and two overweight subjects were assigned to the AHA diet 
that contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy 
as lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  Only the main effect of physiological state was 
significant (P = 0.0340).  The GH concentrations in the fed and fasted state in women are 
shown in the lower panel.  a–b Treatment means with different superscripts at specific times 
differ, P < 0.05. 
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Figure 8.  Changes in acylated concentrations (mean ± SEM) in the peripheral blood of 
normal weight women and overweight women fed the AHA and Atkins diets (upper panel).  
Two normal and two overweight subjects were assigned to the Atkins diet.  The Atkins diet 
contained 10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as 
lipid.  The remaining two normal and two overweight subjects were assigned to the AHA diet 
that contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy 
as lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  The diet*weight interaction was significant (p = 0202).  
The changes in acylated ghrelin concentrations in normal weight and overweight women fed 
the AHA and Atkins diets are shown in the lower panel.  a–b Treatment means with different 
superscripts differ, P < 0.05 with  referring to the difference is between diets and 
referring to the difference is between weights.
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Figure 9.  Changes in total ghrelin concentrations (mean ± SEM) in the peripheral blood of 
normal weight women and overweight women fed the AHA and Atkins diets.  Two normal 
and two overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 
10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed for 14 days, and then subjects 
switched to the other diet, which is indicated by period 1 and period 2.  On days 6 and 20, 
breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and after 
the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 on 
day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 28 at 
11:00 and 1 hr after the meal.  There were no differences in the changes in total ghrelin 
concentrations.  a–b Treatment means with different superscripts at specific times differ, P < 
0.05.
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Figure 10.  Changes in insulin concentrations (mean ± SEM) in the peripheral blood of 
normal weight women and overweight women fed the AHA and Atkins diets in the fed and 
fasted states.  Two normal and two overweight subjects were assigned to the Atkins diet.  
The Atkins diet contained 10% of energy as carbohydrate, 45% of energy as protein, and 
45% of energy as lipid.  The remaining two normal and two overweight subjects were 
assigned to the AHA diet that contained 63% of energy as carbohydrate, 12% of energy as 
protein, and 25% of energy as lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed 
for 14 days, and then subjects switched to the other diet, which is indicated by period 1 and 
period 2.  On days 6 and 20, breakfast was consumed between 07:00-08:00 and blood was 
taken at 1 hr before and after the noon meal.  On days 14 and 28, subjects were fasted from 
22:00 on day 13 to 12:00 on day 14 and then fed their meal at 12:00.  Two blood samples 
were taken on days 14 and 28 at 11:00 and 1 hr after the meal.  The interaction of 
diet*weight*state*sequence was significant (P = 0.0356).  a–b Treatment means with 
different superscripts differ, P < 0.05 with  referring to the difference is between diets, 
referring to the difference is between weights,  referring to the difference between 
sequences, and  referring to the difference between states.
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Figure 11.  Changes in glucagon concentrations (mean ± SEM) in the peripheral blood of 
normal weight women and overweight women fed the AHA and Atkins diets in the fed and 
fasted states.  Two normal and two overweight subjects were assigned to the Atkins diet.  
The Atkins diet contained 10% of energy as carbohydrate, 45% of energy as protein, and 
45% of energy as lipid.  The remaining two normal and two overweight subjects were 
assigned to the AHA diet that contained 63% of energy as carbohydrate, 12% of energy as 
protein, and 25% of energy as lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed 
for 14 days, and then subjects switched to the other diet, which is indicated by period 1 and 
period 2.  On days 6 and 20, breakfast was consumed between 07:00-08:00 and blood was 
taken at 1 hr before and after the noon meal.  On days 14 and 28, subjects were fasted from 
22:00 on day 13 to 12:00 on day 14 and then fed their meal at 12:00.  Two blood samples 
were taken on days 14 and 28 at 11:00 and 1 hr after the meal.  The interaction of 
diet*weight*state*sequence was significant (P = 0.0069).  a–b Treatment means with 
different superscripts differ, P < 0.05 with  referring to the difference is between diets, 
referring to the difference is between weights,  referring to the difference between 
sequences, and  referring to the difference between states.
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Figure 12.  Changes in leptin concentrations (mean ± SEM) in the peripheral blood of 
normal weight women and overweight women fed the AHA and Atkins diets.  Two normal 
and two overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 
10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed for 14 days, and then subjects 
switched to the other diet, which is indicated by period 1 and period 2.  On days 6 and 20, 
breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and after 
the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 on 
day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 28 at 
11:00 and 1 hr after the meal.  There were no differences in the changes in leptin 
concentrations.  a–b Treatment means with different superscripts at specific times differ, P < 
0.05.
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Figure 13.  Changes in adiponectin concentrations (mean ± SEM) in the peripheral blood of 
normal weight women and overweight women fed the AHA and Atkins diets.  Two normal 
and two overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 
10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed for 14 days, and then subjects 
switched to the other diet, which is indicated by period 1 and period 2.  On days 6 and 20, 
breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and after 
the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 on 
day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 28 at 
11:00 and 1 hr after the meal.  There were no differences in the changes in adiponectin 
concentrations.  a–b Treatment means with different superscripts at specific times differ, P < 
0.05.
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Figure 14.  Changes in growth hormone concentrations (mean ± SEM) in the peripheral 
blood of normal weight women and overweight women fed the AHA and Atkins diets (upper 
panel).  Two normal and two overweight subjects were assigned to the Atkins diet.  The 
Atkins diet contained 10% of energy as carbohydrate, 45% of energy as protein, and 45% of 
energy as lipid.  The remaining two normal and two overweight subjects were assigned to the 
AHA diet that contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% 
of energy as lipid.  Each diet was given at 2000 kcal/d.  Each diet was fed for 14 days, and 
then subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 
6 and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before 
and after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 
12:00 on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 
and 28 at 11:00 and 1 hr after the meal.  Only the main effect of physiological state was 
significant (P = 0.0197).  The changes in GH concentrations in the fed and fasted state in 
women are shown in the lower panel.  a–b Treatment means with different superscripts at 
specific times differ, P < 0.05. 
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ABSTRACT 
     Investigating the role of hormones on energy balance and body composition when varying 
diets are consumed could provide insight into the development of obesity and other 
metabolic disorders.  Eight female subjects, ages 20-32, participated in this study:  four 
normal subjects with an average BMI of 21.3 and four overweight subjects with an average 
BMI of 26.7.  Each subject received both diets by a crossover design.  Two normal and two 
overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 10% of 
energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Women were fed 2,000 kcal/day.  Each diet was fed for 14 days, and then subjects 
switched to the other diet.    Blood was taken every hour from 07:00 to 09:00 on days 13 and 
27 of the study.  Plasma samples were analyzed for active and total ghrelin, leptin, insulin, 
glucagon, growth hormone, and adiponectin.  Acylated ghrelin did not have preprandial 
increases before breakfast and lunch with varied responses before dinner in overweight and 
normal weight women fed either the Atkins or AHA diets in both sequences.  Plasma 
glucagon was higher after lunch through the end of the 14-hr period in women consuming the 
Atkins diet.  Insulin concentrations were higher and had greater responses to meal ingestion 
in women consuming the AHA diet in comparison to the Atkins diet.  All hormones were 
affected by diet *period (sequence), weight class, and diet.  Our results indicated that 
overweight and normal weight women have different hormone responses to diet and should 
be studied separately.  In addition, sequence effect was significant in this study, indicating 
that the dietary habits of subjects prior to the study may influence the outcomes of controlled 
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experiments and that study design is critical in understanding the effect of diet on hormone 
concentrations in women.  
INTRODUCTION 
     Understanding diet and hormone interaction in the progression of obesity is crucial in 
finding a solution to this growing nutritional problem in United States.  Investigating the role 
of ghrelin on energy balance and body composition when varying diets are consumed could 
provide insight into the etiology of obesity.   
     Plasma ghrelin concentrations in obese humans are lower than those of normal weight 
individuals (1).  English and colleagues demonstrated that refeeding after fasting did not 
decrease the ghrelin concentrations in obese human patients (2).  In normal weight humans, 
fasting ghrelin concentrations decreased after feeding.  Salbe et al showed that ghrelin has a 
negative association with ad libitum feed intake (3).  Studying the effects of diet composition 
on ghrelin concentrations in both normal and obese patients is necessary to fully understand 
the mechanisms by which the body controls feed intake and body composition.  Thus, 
understanding the regulation of ghrelin under conditions of weight gain and loss could 
provide insight into understanding obesity (1).  Rats fed a high carbohydrate diet had higher 
plasma ghrelin than those fed a low carbohydrate diet (4).  Healthy non-obese women were 
fed a high fat or high carbohydrate meal and the greatest increase in plasma ghrelin were 
seen in subjects consuming the high carbohydrate meal (5).  In addition, hunger sensation of 
subjects fed the high carbohydrate diet was suppressed more than that of subjects fed the 
high fat diet.  Ghrelin concentration, however, increased with weight loss of humans when 
eating a low fat, high carbohydrate diet (6).  In the Weigle and colleagues study, high fat 
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diets decrease adiposity without increasing appetite.  Most studies measure total ghrelin and 
not the acylated form (7).  The few studies involving ghrelin and diet composite.on have 
conflicting results, leaving the relationship between ghrelin and diet composition unclear. 
     The overall objective of this research was to elucidate the relationship of diet composition 
and ghrelin concentration with respect to obesity.  To accomplish the overall objective, we 
compared the variation of ghrelin over 15 hrs in lean and overweight women.  We compared 
the effects of two common diets, Atkins and American Heart Association (AHA), on ghrelin, 
other hormones associated with ghrelin, and blood metabolite concentrations.  We 
hypothesized that overweight females have greater ghrelin concentration in plasma over 15-
hour period, which stimulates greater food intake to cause obesity.  Furthermore, we 
hypothesized that subjects consuming the Atkins diet will have lower plasma ghrelin 
concentrations than subjects consuming the AHA diet. 
MATERIAL AND METHODS 
Subjects 
     Approval for all screening and study procedures was obtained from the Iowa State 
University Institutional Review Board.  Approval for the use of dual-energy x-ray 
absorptiometry (DXA) was obtained from the State of Iowa Department of Public Health.  
Each subject was screened for BMI, eating disorders, and major health problems through an 
interview and physical examination.  Volunteers were excluded if they have or had an eating 
disorder, or have a major health problem such as diabetes, polycystic ovary syndrome, heart 
conditions, and hypoglycemia.  After successful completion of the screening, eight female 
subjects were assigned randomly to treatment diets (Table 1).  One participant discontinued 
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participation the second day of the study for personal reasons and an alternate participant 
continued on the study.  One participant was unable to be successfully catheterized and thus 
seven venapuncture samples were taken in period 1 and eight venapuncture samples were 
taken in period 2. 
     Each subject received both treatment diets by a crossover design.  Subjects were given 
2,000 kcal/day based on average energy intake of females of that age group (8).  Two normal 
and two overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 
10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the American Heart 
Association (AHA) diet that contained 63% of energy as carbohydrate, 12% of energy as 
protein, and 25% of energy as lipid.  Diets were formulated using Nutritionist Pro (version 
2.3; First DataBank, Inc.; San Bruno, CA) by a registered dietitian.  All diets were prepared 
and served by personnel at the Human Metabolic Unit at Iowa State University.  Each diet 
was fed for 14 days with a repeating 7-day menu for each diet.  Meals were served between 
08:00-0900, 12:00-13:00, and 17:00-18:00 in the dining area of Human Metabolic Unit. 
     Three DXA scans were performed during the study per subject to monitor body 
composition.  The scans were on the Friday before the study began, day 14, and day 28 of the 
study.  Scans were performed at the ISU metabolic unit by trained personnel using a Hologic 
Delphi W dual-energy X-ray absorptometer (DXA) (Hologic Inc.; Bedford, MA).   
     A fasted blood serum sample was taken and a basic metabolic panel analysis was 
performed by Laboratory Corporation of America (LabCorp, Omaha, NE). 
     From day 12 at 22:00, subjects fasted until 8:00 on day 13 of each diet.  Subjects arrived 
at the ISU Human Metabolic unit at 06:30.  A 23 gauge peripheral intravenous catheter was 
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placed in each subject.  At each blood timepoint, 1 ml of blood was taken from the catheter 
and then the blood sample for analysis was taken.  After the blood sample was taken, 3 mL of 
saline was administered to flush the catheter.  Blood samples were taken every hour for 14 
hr.  All blood was collected in 3 mL tubercline syringes and placed in EDTA-containing 
vacutainer tubes (BD Scientific, Franklin Lakes, NJ) and kept at 4 °C during processing.  
Samples were centrifuged at 3000 × g for 20 min.  Plasma was collected and analyzed for 
ghrelin (acylated and total), adiponectin, glucagon, growth hormone, insulin, and leptin. 
Hormone Analysis 
   Total ghrelin concentrations were measured by using a commercially available 
radioimmunoassay kit (Linco Research, St. Charles, MO).  The lower limit of detection was 
93 pg/mL, and the intra-assay coefficient of variation was < 10%.   
     For acylated ghrelin samples, 50 µL of 1 N hydrochloric acid and 10 µL of 10 mg/mL 
phenylmethylsulfonyl fluoride (PMSF, Sigma, St. Louis, MO) in methanol were added for 
every 1 mL of plasma immediately after centrifugation.  Acylated ghrelin concentrations 
were measured using a commercially available radioimmunoassay kit (Linco Research).  
This assay has been found to be highly specific for acylated ghrelin with less than 0.1 % 
cross-reactivity for desoctanoyl ghrelin and no cross reactivity with ghrelin 14-28, motilin-
related peptide, leptin, insulin, glucagon, or GLP-1 (7-36).  The lower detection limit was 7.8 
pg/mL.  The intra-assay coefficient of variation was < 10%.   
     Adiponectin concentrations were measured by using a commercially available 
radioimmunoassay (Linco Research).  The lower limit of detection was 1 ng/mL, and the 
intra-assay coefficient of variation was < 10%.   
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     For glucagon samples, 50 µL of aprotinin (5,500 KIU/mL, Sigma) were added to 1 mL of 
plasma with a final concentration of 550 KIU aprotinin per mL of plasma.  All plasma 
samples were stored at -20 °C until assayed.  Glucagon concentrations were measured by 
using a commercially available radioimmunoassay (Linco Research).  The lower limit of 
detection was 20 pg/mL, and the intra-assay coefficient of variation was < 10%.   
     Growth Hormone concentrations were measured by using a commercially available 
radioimmunoassay (Diagnostic Products Corporation (DPC), Los Angeles, CA).  The lower 
limit of detection was 0.9 ng/mL, and the intra-assay coefficient of variation was < 10%.      
      Insulin concentrations were measured by using a commercially available 
radioimmunoassay (Linco Research).  The lower limit of detection was 0.2 µU/mL (1.389 
pmol/L), and the intra-assay coefficient of variation was < 10%.   
     Leptin concentrations were measured by using a commercially available 
radioimmunoassay (Linco Research).  The lower limit of detection was 0.05 ng/mL, and the 
intra-assay coefficient of variation was < 10%.  
Statistics 
     Hormone data were analyzed by using the MIXED procedure in SAS (Version 9.1, SAS 
Institute, Cary, NC).  All hormone data were analyzed as a split-plot with repeated measures 
ANOVA.  The model included fixed effects of diet, weight (weight class), timepoint, 
sequence, diet*weight, weight*sequence, sequence*timepoint, diet*weight*timepoint, and 
diet*weight*timepoint*sequence, while person(weight*sequence*period) was included in the 
model as the random effect.  Significance of the interaction terms is listed in Table 2.  No 
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multiple comparison adjustments were made because this is an exploratory study.  For all 
tests, P < 0.05 was considered significant and P < 0.1 was considered a trend. 
RESULTS 
Body Composition and Blood Metabolites  
    There were no significant changes in total body mass, total body fat percentage, trunk 
mass, and trunk fat percentage between the Atkins diet and AHA diet within a weight class 
(Table 4).  Blood metabolite data is summarized in Table 3.  Blood urea nitrogen was higher 
in women consuming the Atkins diet in comparison to the AHA diet (P<0.0001).  Total, 
HDL and LDL cholesterol was higher in women consuming the Atkins diet in comparison to 
the AHA diet; however, there was no significant difference in the ratio of LDL/HDL.  Blood 
glucose tended to be higher in overweight women consuming the Atkins diet in comparison 
to normal weight women consuming the Atkins diet (P = 0.0669) and overweight women 
consuming the AHA diet (P = 0.0656).   
Hormone Concentrations 
Acylated Ghrelin 
     Acylated ghrelin concentrations over waking hours in overweight and normal weight 
women (individual data presented) are shown in Figure 1. 
Timepoint Comparisons 
     Overweight women consuming the Atkins diet had higher acylated ghrelin concentrations 
before and after dinner (hours 9, 11-14, P  0.0490) in comparison to normal weight women 
consuming the Atkins diet when the AHA diet was administered before the Atkins diet.  
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When the Atkins diet was administered before the AHA diet, overweight women tended to 
have higher acylated ghrelin concentrations before 1 hr before dinner (hour 8, P = 0.0576) in 
comparison to normal weight women consuming the Atkins diet.  Overweight women 
consuming the Atkins diet had higher acylated ghrelin concentrations after lunch (hour 6, P = 
0.0143) and after dinner (hours 11-14, P  0.0022) when the AHA diet was fed before that 
Atkins diet in comparison to when that Atkins diet was fed before the AHA diet.  Acylated 
ghrelin concentrations tended to be higher at hour 7 (P = 0.0747) when the AHA diet was fed 
before the Atkins diet in comparison to when the Atkins diet was fed before the AHA diet.  
There were no differences in acylated ghrelin concentrations between sequences in normal 
weight women fed the Atkins diet. 
     There were no differences in acylated ghrelin concentrations between normal weight and 
overweight women fed the AHA diet when the AHA diet was given before the Atkins diet.  
However, when the Atkins diet was given before the AHA diet, normal weight women fed 
the AHA diet had lower acylated ghrelin concentrations in comparison to overweight women 
fed the AHA diet before dinner (hour 9, P = 0.0109).  Acylated ghrelin concentrations tended 
to be higher in overweight women consuming the AHA diet after breakfast (hour 2, P = 
0.0563) in comparison to normal weight women consuming the AHA diet when the Atkins 
diet was given before the AHA diet.  There were no differences in acylated ghrelin 
concentrations between the sequences in overweight women fed the AHA diet.  Normal 
weight women consuming the AHA diet when the AHA diet was administered before the 
Atkins diet had lower acylated ghrelin concentrations after breakfast (hour 2, P = 0.0348) and 
before dinner (hour 9, P = 0.0183) when compared to normal weight women consuming the 
AHA diet when the Atkins diet was administered before the AHA diet.   
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Atkins diet to AHA Comparisons  
     There were no differences in acylated ghrelin concentrations between the AHA and 
Atkins diets in normal weight women when the AHA diet was given before the Atkins diet.  
Normal weight women consuming the Atkins diet had lower acylated ghrelin concentrations 
before dinner (hour 9, P = 0.0006) that did normal weight women consuming the AHA diet 
when the Atkins diet was given before the AHA diet.  When the AHA diet was given before 
the Atkins diet, overweight women consuming the Atkins diet had higher acylated ghrelin 
concentrations after breakfast (hour 2-3), after lunch (hours 6-7, P  0.0435), and after dinner 
(hours 11-14, P  0.0034) and tended to have higher acylated ghrelin concentrations before 
breakfast (hour 0, P = 0.0898) and dinner (hours 9-10, P  0.0721) in comparison to 
overweight women consuming the AHA diet.  There were no differences between the Atkins 
diet and AHA diets in overweight women when the Atkins diet was given before the AHA 
diet.   
Total Ghrelin 
     Total ghrelin concentrations over waking hours in overweight and normal weight women 
(individual data presented) are shown in Figure 2.
Timepoint Comparisons 
     When the AHA diet was administered before the Atkins diet, normal weight women 
consuming the Atkins diet had lower total ghrelin concentrations before and after breakfast 
(hours 0-1, P  0.0694) and tended to have lower total ghrelin concentrations after lunch 
(hour 6, P = 0.0092) in comparison to overweight women consuming the Atkins diet.  When 
the Atkins diet was administered before the AHA diet, normal weight women had higher 
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total ghrelin concentrations at hour 14 (P = 0.0427) in comparison to overweight women 
consuming the Atkins diet.  Overweight women consuming the Atkins diet when the Atkins 
diet was given before the AHA diet had lower total ghrelin concentrations at before breakfast 
(hour 0, P = 0.0049), before lunch (hours 3-4, P 0.0289) and after lunch (hour 6, P <0.0001) 
and tended to have lower total ghrelin concentrations after breakfast (hours 1-2, P  0.0626) 
in comparison to overweight women consuming the Atkins diet when the AHA diet was 
given before the Atkins diet.  Normal weight women consuming the Atkins diet when the 
AHA diet was given before the Atkins diet had higher total ghrelin concentrations before 
lunch (hour 4, P = 0.0138) and after dinner (hour 10, P = 0.0453) in comparison to normal 
weight women consuming the Atkins diet when the Atkins diet was given before the AHA 
diet.   
     Overweight women consuming the AHA diet tended to have lower total ghrelin 
concentrations after lunch (hour 5, P = 0.0703) than did normal weight women consuming 
the AHA diet when the AHA diet was given before the Atkins diet.  When the Atkins diet 
was administered before the AHA diet, normal weight women consuming the AHA diet 
tended to have lower total ghrelin concentrations before lunch (hour 4, P = 0.0495) and 
higher total ghrelin concentrations before dinner (hour 8, P = 0.0495) in comparison to 
overweight women consuming the  AHA diet.  Overweight women consuming the AHA diet 
had higher total ghrelin concentrations before lunch (hour 4, P = 0.0223) when the Atkins 
diet was fed before the AHA diet in comparison to when the AHA diet was fed before the 
Atkins diet.  Normal weight women consuming the AHA diet higher total ghrelin 
concentrations after lunch (hour 6, P = 0.0139) when the Atkins diet was administered before 
the AHA diet in comparison to when the AHA diet was administered before the Akins diet 
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but had lower total ghrelin concentrations after dinner (hour 14, P = 0.0101) and tended to 
have lower total ghrelin concentrations after dinner (hour 13, P = 0.0905) when the Atkins 
diet was administered before the AHA diet in comparison to when the AHA diet was 
administered before the Atkins diet.   
Atkins diet to AHA Comparisons 
     Normal weight women consuming the Atkins diet had higher total ghrelin concentrations 
before lunch (hours 3-4, P  0.0183) in comparison to normal weight women consuming the 
AHA diet when the AHA diet was administered before the Atkins diet.  However, normal 
weight women consuming the Atkins diet had lower total ghrelin concentrations after dinner 
(hour 14, P = 0.0074) in comparison to normal weight women consuming the AHA diet 
when the AHA diet was administered before the Atkins diet.  Normal weight women 
consuming the Atkins diet had higher total ghrelin concentrations after dinner (hour 13, P = 
0.0352) in comparison to normal weight women consuming the AHA diet when the Atkins 
diet was administered before the AHA.  However, normal weight women consuming the 
Atkins diet had lower total ghrelin concentrations immediately after dinner (hour 10, P = 
0.0286) and tended to have lower total ghrelin concentrations after lunch (hour 6, P = 0.0765) 
and before dinner (hour 8, P = 0.0818) in comparison to normal weight women consuming 
the AHA diet when the AHA diet was administered before the Atkins diet. 
     Overweight women consuming the Atkins diet had higher total ghrelin concentrations 
before, after breakfast (hour 0-1, P  0.0128), before, and after lunch (hours 3, 4, 6, P 
0.0281) than did overweight women consuming the AHA diet when the AHA diet was given 
before the Atkins diet.  Conversely, when the Atkins diet was administered before the AHA 
diet, overweight women fed the Atkins diet had lower total ghrelin concentrations before and 
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after lunch (hour 4 and 6, P  0.0102) in comparison to overweight women consuming the 
AHA diet. 
Insulin 
     Insulin concentrations over waking hours in overweight and normal weight women 
(individual data presented) are shown in Figure 3.
Timepoint Comparisons 
     Overweight women consuming the Atkins diet had lower insulin concentrations after 
breakfast (hour 1, P = 0.0364) and lunch (hour 5-6, P  0.0166) in comparison to normal 
weight women consuming the Atkins diet when the AHA diet was given before the Atkins 
diet.  Overweight women tended to have higher insulin concentrations after dinner (hour 10, 
P = 0.0495) in comparison to normal women consuming the Atkins diet when the Atkins diet 
was given before the AHA diet.  Overweight women consuming the Atkins diet tended to 
have higher insulin concentrations before dinner (hour 7, P = 0.0652) when the AHA diet 
was given before Atkins diet in comparison to when the Atkins diet was given before the 
AHA diet.  Normal weight women consuming the Atkins diet had higher insulin 
concentrations after lunch (hour 6, P = 0.0114) and after dinner (hour 11, P = 0.0371) and 
tended to have higher insulin concentrations after lunch (hour 5, P = 0.0623) and after dinner 
(hour 13, P = 0.0614) when the AHA diet was given before the Atkins diet in comparison to 
when the Atkins diet was given before the AHA diet.
     Overweight women consuming the AHA diet had lower insulin concentrations at hour 2 
(P = 0.0459) in comparison to normal weight women consuming the AHA diet when the 
AHA diet was administered before the Atkins diet.  When the Atkins diet was administered 
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before the AHA diet, overweight women had lower insulin concentrations after breakfast 
(hour 2, P = 0.0058) and after lunch (hours 5-6, P  0.0317) in comparison to normal weight 
women consuming the AHA diet.  Overweight women consuming the AHA diet had lower 
insulin concentrations when the AHA diet was given before the Atkins diet after breakfast 
(hour 2, P = 0.0033), after lunch (hours 5-6, P  0.0425), before dinner (hour 8, P = 0.0386) 
and after dinner (hours 12-14, P  0.0425) and a tendency to be higher before dinner at hour 
7 (P = 0.0617) in comparison the when the Atkins diet was given before the AHA diet.  
However, insulin concentrations were higher when the AHA diet was given before the Atkins 
diet immediately after dinner (hour 10) in comparison to when the Atkins diet was given 
before the AHA diet in overweight women consuming the AHA diet.  Normal weight women 
consuming the AHA diet had higher insulin concentrations after breakfast (hour 2, P = 
0.0493) and after dinner (hours 10 and 13, P  0.0258) when the AHA diet was administered 
before the Atkins diet in comparison the when the Atkins diet was administered before the 
AHA diet.   
Atkins diet to AHA Comparisons 
     When the AHA diet was administered before the Atkins diet, normal weight women 
consuming the Atkins diet had lower insulin concentrations after breakfast (hour 2, P = 
0.0452) and after dinner (hours 10-12, P  0.0492) and higher insulin concentrations at hour 
1 (P = 0.0482) and after lunch (hours 6 and 8, P  0.0163) in comparison to normal weight 
women consuming the AHA diet.  Insulin concentrations tended to be higher at hour 9 (P = 
0.0944) in normal weight women consuming the Atkins diet in comparison to the AHA diet 
when the AHA diet was administered before the Atkins diet.  Normal weight women 
consuming the Atkins diet had lower insulin concentrations in comparison to normal weight 
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women consuming the AHA diet after dinner (hours 11-13, P  0.0002) and tended to have 
lower insulin concentrations after breakfast (hour 1, P = 0.0768) when the Atkins diet was 
given before the AHA diet.  When the AHA diet was administered before the Atkins diet, 
overweight women consuming the Atkins diet had lower insulin concentrations after 
breakfast (hours 1 and 3, P  0.0405) and after dinner (hours 10-12, P  0.0093) and higher 
insulin concentrations before and after dinner (hours 7-9, P  0.0472) in comparison to 
overweight women consuming the AHA diet.  Overweight women consuming the Atkins diet 
had lower insulin concentrations after breakfast (hours 1-3, P  0.0056), after lunch (hour 5, 
P = 0.0002), and after dinner (hours 11-13, P = 0.0011) in comparison to overweight women 
consuming the AHA diet when the Atkins diet was administered before the AHA diet. 
Glucagon 
     Glucagon concentrations over waking hours in overweight and normal weight women 
(individual data presented) are shown in Figure 4.
Timepoint Comparisons 
      There were no differences between normal weight and overweight women consuming the 
Atkins diet when the AHA diet was given before the Atkins diet.  Overweight women 
consuming the Atkins diet had higher glucagon concentrations at baseline (P = 0.0375) and 
before lunch (hour 3, P < 0.0001) than did normal weight women consuming the Atkins diet
when the Atkins diet was given before the AHA diet.  Overweight women consuming the 
Atkins diet when the AHA diet was administered before the Atkins diet had lower glucagon 
concentrations at baseline (P = 0.0292) and after dinner (hour 10, P = 0.0046) in comparison 
to overweight women consuming the Atkins diet when the Atkins diet was given before the 
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AHA diet.  Normal weight women consuming the Atkins diet when the AHA diet was given 
before the Atkins diet had lower glucagon concentrations after dinner (hour 10, P = 0.0044) 
and tended to have lower concentrations before dinner (hour 8, P = 0.0771) than did women 
who consumed the Atkins diet when the Atkins diet was given before the AHA diet.  
     There was no difference in glucagon concentrations between normal weight and 
overweight women consuming the AHA diet when the AHA diet was given before the Atkins 
diet.  Overweight women consuming the AHA diet tended to have higher glucagon 
concentrations after dinner (hour 10, P = 0.0834) than did normal weight women consuming 
the AHA diet when the Atkins diet was given before the AHA diet.  There were no 
differences between sequences in glucagon concentrations in normal weight or overweight 
women consuming the AHA diet.   
Atkins diet to AHA Comparisons 
     Normal weight women consuming the Atkins diet had higher glucagon concentrations 
after lunch through the end of the study period (hours 5-14, P  0.0336) in comparison to 
normal weight women consuming the AHA diet when the AHA diet was administered before 
the Atkins diet.  When the Atkins diet was administered before the AHA diet, normal weight 
women consuming the Atkins diet had higher glucagon concentrations after lunch to after 
dinner (hours 7-11, 13, P  0.0074) and a tendency for glucagon concentrations to be higher 
at hour 12 (P = 0.0615) in comparison to normal weight women consuming the AHA diet.  
Overweight women consuming the Atkins diet had higher glucagon concentrations from 
hours 6-13 (P = 0.0045) with a tendency for glucagon concentrations to be higher at hour 5 
(P = 0.961) in comparison to overweight women consuming the AHA diet when the AHA 
diet was administered before the Atkins diet.  Glucagon concentrations were higher at 
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baseline, before dinner (hours 7-8, P  0.0343) and after dinner (hours 10-13, P  0.0167) 
with a tendency for higher concentrations at hours 6 (P = 0.0634) and 14 (P = 0.0576) in 
overweight women consuming the Atkins diet in comparison to the AHA diet when the 
Atkins diet was administered before the AHA diet.  
Leptin 
     Leptin concentrations over waking hours in overweight and normal weight women 
(individual data presented) are shown in Figure 5.
Timepoint Comparisons  
     There were no differences in leptin concentrations between normal weight and overweight 
women consuming the Atkins diet when the AHA diet was administered before the Atkins 
diet.  Overweight women consuming the Atkins diet had higher leptin concentrations than 
did normal weight women consuming the Atkins diet at all timepoints in the 14-hour study 
when the Atkins diet was given before the AHA diet (P = 0.0200).  Overweight women 
consuming the Atkins diet had lower leptin concentrations after breakfast (hours 1 and 2, P 
0.0002), before lunch (hour 4, P = 0.0001), after lunch (hour 5, P = 0.0469), and after dinner 
(hours 10-14, P = 0.0303) when the AHA diet was given before the Atkins diet in 
comparison to when the Atkins diet was given before the AHA diet.  Overweight women 
consuming the Atkins diet tended to have lower leptin concentrations before and after dinner 
(hours 7-9, P  0.0915) when the AHA diet was given before the Atkins diet in comparison 
to when the Atkins diet was given before the AHA diet.  Normal weight women consuming 
the Atkins diet had higher leptin concentrations at hour 13 (P = 0.0368) and tended to have 
lower leptin concentrations at hour 12 (P = 0.0949) and 14 (P = 0.0618) when the AHA diet 
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was given before the Atkins diet in comparison to when the Atkins diet was given before the 
AHA diet. 
     Overweight women consuming the AHA diet had lower leptin concentrations hour 11 (P 
= 0.0274) and tended to have lower leptin concentrations after dinner (hour 9, P = 0.0539) 
than did normal weight women consuming the AHA diet when the AHA diet was given 
before the Atkins diet.  Overweight women consuming the AHA diet had higher leptin 
concentrations over the 14-hour study than did normal weight women consuming the AHA 
diet when the Atkins diet was given before the AHA diet (P  0.0001).  Overweight women 
consuming the AHA diet had higher leptin concentrations over the 14-hr study when the 
Atkins diet was given before the AHA diet in comparison to when the AHA diet was given 
before the AHA diet (P  0.0034).  Normal weight women consuming the AHA diet had 
higher leptin concentrations at baseline and after dinner (hours 11 and 13, P  0.0312) and 
tended to have higher leptin concentrations after dinner (hour 9 and 12, P  0.0985) when the 
AHA diet was given before the Atkins diet in comparison to when the Atkins diet was given 
before the AHA diet. 
Atkins diet to AHA Comparisons 
    Normal weight women consuming the Atkins diet had lower leptin concentrations at 
baseline and after dinner (hours 9 and 11, P  0.0031) in comparison to normal weight 
women consuming the AHA diet when the AHA diet was administered before the Atkins 
diet.  When the Atkins diet was administered before the AHA diet, normal weight women 
consuming the Atkins diet had lower leptin concentrations before lunch (hour 4, P = 0.0149) 
and tended to have lower leptin concentrations before and after dinner (hours 7 and 9, P 
0.0719) in comparison to normal weight women consuming the AHA diet.   
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     When the AHA diet was administered before the Aktins diet, overweight women 
consuming the Atkins diet had lower leptin concentrations after dinner (hours 12-14, P 
0.0352) in comparison to overweight women consuming the AHA diet.  Overweight women 
consuming the Atkins diet had lower leptin concentrations at baseline (P = 0.0062), before 
lunch (hour 4, P < 0.0001), after lunch (hours 5-7, P < 0.0001), before dinner (hours 8-9, P < 
0.0001), and after dinner (hours 10-14, P  0.0006) in comparison to overweight women 
consuming the AHA diet when the Atkins diet was given before the AHA diet.  
Adiponectin  
     Adiponectin concentrations over waking hours in overweight and normal weight women 
(individual data presented) are shown in Figure 6.
Timepoint comparisons 
    When the AHA diet was administered before the Atkins diet, overweight women 
consuming the Atkins diet had lower adiponectin concentrations before lunch (hour 4, P = 
0.0197) and 3 hr after dinner (hour 13, P = 0.0158) and a tendency for adiponectin 
concentrations to be higher after lunch (hour 5, P = 0.0607) in comparison to normal weight 
women.  When the Atkins diet was given before the AHA diet, there were no differences in 
adiponectin concentrations between timepoint in overweight and normal weight women 
consuming the Atkins diet.  Fasting adiponectin concentrations were lower in overweight 
women fed the Atkins diet when the AHA diet was given before the Atkins diet in 
comparison to overweight women consuming the Atkins diet when the Atkins diet was given 
before the AHA diet (P =0.0443).  In normal weight women fed the Atkins diet, adiponectin 
concentrations were higher an hour before dinner (hour 8, P = 0.0377) and tended to be 
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higher 3 hr after dinner (hour 13, P = 0.0623) when the AHA diet was given before the 
Atkins diet in comparison to when the Atkins diet was given before the AHA.   
     When the AHA diet was administered before the Atkins diet, overweight women 
consuming the AHA diet had lower adiponectin concentrations after breakfast (hour 3, P = 
0.0428) and a tendency for adiponectin concentrations to be lower at baseline (P = 0.0727) 
and 2 hr after dinner (hour 12, P = 0.0897) in comparison to normal weight women.  When 
the Atkins diet was given before the AHA diet, adiponectin concentrations tended to be 
lower 1 hr before dinner (hour 8, P = 0.0645) in overweight women consuming the AHA diet 
in comparison to normal weight women.  There were no differences between timepoints in 
overweight women fed the AHA diet when the AHA diet was given before the Atkins diet in 
comparison to when the Atkins diet was given before the AHA diet.  Adiponectin 
concentrations tended to be higher after breakfast (hour 1, P = 0.0571) in normal weight 
women when the AHA diet was given before the Atkins diet.  In addition, adiponectin 
concentrations tended to be lower before dinner (hour 8, P = 0.0942) in normal weight 
women when the AHA diet was given before the Atkins diet. 
Atkins diet to AHA diet comparisons 
     When the AHA diet was administered before the Atkins diet, normal weight women fed 
the AHA diet had higher adiponectin concentrations at fasting (P = 0.0004) and after 
breakfast (hour 1, P = 0.0255) in comparison to normal weight women fed the Atkins diet, 
whereas, normal weight women fed the Atkins diet had higher adiponectin concentrations 
over lunch (hours 4-6, P  0.0211) and after dinner (hours 13-14, P  0.0328).  When the 
Atkins diet was given before the AHA diet, normal weight women consuming the Atkins diet 
had lower adiponectin concentrations than did normal weight women consuming the AHA 
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diet before (hour 8, P <0.0001) and tended to have lower concentrations after dinner (hours 
10 and 13, P  0.0831). 
     There was no difference in timepoints between the AHA and Atkins diets in overweight 
women when the AHA diet was given before the Atkins diet.  However, when the Atkins diet 
was given before the AHA diet, overweight women consuming the Atkins diet had higher 
adiponectin concentrations in comparison to overweight women consuming the AHA diet at 
fasting and after breakfast (hours 0-1, P < 0.0326).  When the Atkins diet was administered 
before the AHA diet, overweight women had lower adiponectin concentrations when 
consuming the Atkins diet in comparison to the AHA diet before dinner (hours 7 and 9, P 
0.0380).  Adiponectin concentrations tended to be higher in overweight women consuming 
the AHA diet in comparison to the Atkins diet over lunch (hours 4 and 6, P  0.0671). 
Growth Hormone 
     Growth hormone concentrations over waking hours in overweight and normal weight 
women (individual data presented) are shown in Figure 7.
Timepoint Comparisons    
 Overweight women consuming the Atkins diet had lower GH concentrations than that of 
normal weight women consuming the Atkins diet when the AHA diet was given before the 
Atkins diet before and after dinner (hours 8, 10, P  0.0337).  When the Atkins diet was 
given before the AHA diet, overweight women consuming the Atkins diet had lower GH 
concentrations in comparison to normal weight women after dinner (hour 11, P = 0.036).  
Overweight women consuming the Atkins diet had higher GH concentrations after dinner 
(hours 10-11, P  0.036) when the AHA diet was administered before the Atkins diet in 
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comparison to when the Atkins diet was administered before the AHA diet.  Normal weight 
women consuming the Atkins diet had higher GH concentrations after dinner (hours 8, 10, 
11, P  0.0325) and tended to be higher at hour 9 (P = 0.0502) when the AHA diet was 
administered before the Atkins diet in comparison to when the Atkins diet was administered 
before the AHA diet. 
     Overweight women consuming the AHA diet had lower GH concentrations at baseline (P 
= 0.0137) and at hour 14 (P = 0.0148) in comparison to normal weight women consuming 
the AHA diet when the AHA diet was given before the Atkins diet.  When the Atkins diet 
was given before the AHA diet, overweight women had lower GH concentrations before 
lunch (hour 3, P = 0.0373) in comparison to normal weight women consuming the AHA diet.  
Normal weight women consuming the AHA diet tended to have lower GH concentrations 
after dinner (hour 11, P = 0.055) in comparison to overweight women consuming the AHA 
diet when the Atkins diet was given before the AHA diet.  Overweight women consuming 
the AHA diet had lower GH concentrations at baseline (P = 0.0246) and before and after 
dinner (hours 8, 10, 11, P  0.0293) and higher concentrations at hour 14 (P = 0.0122) when 
the AHA diet was given before the Atkins diet in comparison to when the Atkins diet was 
given before the AHA diet.  Normal weight women consuming the AHA diet had lower GH 
concentrations before lunch (hour 3, P = 0.0405) and before dinner (hour 8, P = 0.0246) 
when the AHA diet was given before the Atkins diet in comparison to when the Atkins diet 
was given before the AHA diet.  GH concentrations tended to be lower at hour 9 (P = 0.0824) 
in normal weight women fed the AHA diet when the AHA diet was administered before the 
Atkins diet in comparison to when the Atkins diet was administered before the AHA diet.   
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Atkins diet to AHA Comparisons 
     When the AHA diet was fed before the Atkins diet, normal weight women consuming the 
Atkins diet had higher GH concentrations before and after dinner (hours 8, 9, 10, 11, P 
0.0386) in comparison to normal weight women consuming the AHA diet.  When the Atkins 
diet was given before the AHA diet, normal weight women consuming the Atkins diet tended 
to have lower GH concentrations before and after dinner (hours 7, 8, 9, P 0.0975) and 
higher GH concentrations at hour 11 (P = 0.0629) than did normal weight women consuming 
the AHA diet.  Overweight women consuming the Atkins diet had higher GH concentrations 
at hours 10 and 11 (P  0.0323) and lower GH concentrations at hour 14 (P = 0,0191) in 
comparison to overweight women consuming the AHA diet when the AHA diet was given 
before the Atkins diet.  When the Atkins diet was given before the AHA diet, overweight 
women consuming the Atkins diet had lower GH concentrations before and after dinner 
(hours 8, 10, 11, P  0.0177) than did overweight women consuming the AHA diet.   
DISCUSSION 
     There was an effect of sequence (period*diet) in all hormones.  In this exploratory study, 
we did not have an adjustment period before period 1 and food logs were not taken.  
Hormones react relatively quickly to changes in diet, however, it is not know how long 
humans take to adjust to a meal schedule and set amount of calories per day when coming 
from varied diet and prior habits.  We demonstrated that there are confounding factors that 
play into differences in hormone concentrations.  These confounding factors may explain the 
discrepancy in results related to studies of single macronutrient effects on hormone 
concentrations.  
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     Blom and colleagues showed that men consuming a high protein breakfast had decrease in 
total ghrelin concentrations at three and four hours post lunch than that of men consuming a 
high carbohydrate breakfast; however, there was no change observed in acylated ghrelin 
concentrations in men between the high carbohydrate and the high protein breakfast (16).  
There were no differences in acylated ghrelin concentrations between the Atkins and AHA 
diet in normal weight women when the AHA diet was given before the Atkins diet, which 
agree with the findings of Blom et al (16).  We did see higher acylated ghrelin concentrations 
in normal weight women fed the AHA diet in comparison the Atkins diet when the Atkins 
diet was given before the AHA diet.  In this study, there were no clear increases in acylated 
ghrelin concentrations before meals.  There was an increase before dinner in acylated ghrelin 
at hour 8 or 9 in overweight women consuming the Atkins diet in both sequences and in 
normal weight women consuming the AHA diet when the Atkins diet was given before the 
AHA diet.  Caloric content of the diet has been shown to suppress postprandial acylated 
ghrelin concentrations proportional to the amount of calories ingested and that calories were 
not the only determinant of next meal initiation (17).  Women on this study consumed 2,000 
kcal/day and maintained body weight, which may be the reason we did not see strong 
preprandial ghrelin responses.  Another study indicated that acylated ghrelin concentrations 
were lower in normal weight women consuming a high protein breakfast in comparison to a 
normal protein breakfast (18).  However, no difference in ghrelin concentrations was 
observed in women consuming normal and high casein diets or in men and women 
consuming normal and high soy protein diets (19, 20).  Most of the high protein diets studied 
contained between 20-35% of calories as protein with a range of carbohydrate of 35% to 
55% of calories; whereas, our Atkins diet had 45% of calories from protein and 10% of 
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calories from carbohydrate, which would be considered low carbohydrate/high protein (18-
21).  The protein source in some of the studies is in liquid form only, powders, or from 
specific sources such as soy; whereas, the protein in the Atkins diet in this study is from a 
variety of sources and forms. 
      Total ghrelin concentrations differed after breakfast to 1 hr after lunch in normal weight 
women starting on the AHA diet and in all overweight women.  Most studies done on total 
ghrelin have measured the effect of a breakfast meal or lunch meal on total ghrelin 
concentrations over a 3-4 hr period (16, 21).  When the Atkins diet was given before the 
AHA diet, total ghrelin concentrations were lower in overweight women consuming the 
Atkins diet in comparison to overweight women consuming the AHA diet, however, when 
the AHA diet was given before the Atkins diet, total ghrelin concentrations were lower in 
overweight women consuming the AHA diet in comparison to overweight women 
consuming the Atkins diet.  Studies have shown the total ghrelin concentrations were lower 
in subjects consuming a high protein meal 3-4 hours post meal in comparison to subjects 
consuming a high carbohydrate meal (22).  Total ghrelin finding of this study may differ 
from previous studies for several reasons.  First, the sequence in which the diets were given 
may be affecting total ghrelin concentrations.  Second, the high protein diet in our study is 
also low carbohydrate whereas in other studies, the carbohydrate content is double or triple 
the percent calories from carbohydrate in our study (16, 21).  Lastly, we studied specific 
weight classes in this study with each group having a tight BMI range in comparison to the 
broad range of BMIs used in previous studies (16, 19, 20, 21).   
     Insulin concentrations in response the macronutrient content of diet reacted similarly to 
previous studies (26).  Overall, overweight and normal weight women consuming the Atkins 
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diet had lower insulin concentrations in comparison to overweight and normal weight women 
consuming the AHA diet after breakfast and after dinner.  There were differences in the 
response of insulin to the diet in the different sequences around lunchtime and before and 
right after dinner.  When the AHA diet was consumed, insulin concentrations had more 
profound spikes after meals in comparison to when the Atkins diet was consumed.  Insulin 
concentrations have been shown to be lower when a high protein diet was consumed versus a 
high carbohydrate diet (27).  Normal weight and overweight women responded differently to 
the AHA or Atkins diet when the sequence in which the diets were administered was 
different.  Our data suggest that overweight women and normal weight women should be 
studied separately when looking at the response of insulin to dietary manipulations.   
     Increased glucagon concentrations in women consuming the Atkins diet may be a result of 
lower blood glucose concentrations caused by the low carbohydrate content of the Atkins 
diet.  Glucagon maintains acute blood glucose concentrations therefore, we hypothesize that 
the lack of an increase in glucagon concentrations in the fasted state may be the result of the 
switch from immediate regulation of blood glucose by glucagon to short term fasting 
regulation of blood glucose by epinephrine and the increase in glucagon later in the day is a 
result of the low carbohydrate content of the diet (23-25).  The increased glucagon 
concentrations were for a longer duration in women consuming the Atkins diet when the 
AHA diet was given before the Atkins diet in comparison to when the Atkins diet was given 
before the AHA diet.  The order in which these diets are administered on the impact on 
glucagon concentrations needs further study. 
         In addition, leptin concentrations in response to the macronutrient content of the diet 
were similar to previous research (26).  Leptin concentrations remained relatively stable over 
106


the 14-hr period, which agrees with the previous findings of the 24-hr pattern of leptin 
concentrations.  One of these studies showed that leptin concentrations peak at 02:00 and 
remains stable over waking hours when humans were fed a high fat/low carbohydrate or a 
high carbohydrate/low fat diet (28).  Another study had leptin patterns in agreement with 
those of this study as leptin concentrations begin a gradual rise at 18:00 (26).  For detection 
of changes of leptin in response to a diet, a 24-hr curve is the best measure of changes in 
leptin over time.  However, measuring leptin concentrations at fasting would give an accurate 
picture of the leptin concentrations during waking hours (07:00-22:00) in most humans.  In 
our study, overweight women consuming the Atkins and the AHA diets when the Atkins diet 
was given before the AHA had higher leptin concentrations in comparison to normal weight 
women and overweight women in the opposite sequence.   
     Adiponectin concentrations were not necessarily lower in overweight women in 
comparison to normal weight women.  In obese subjects, adiponectin concentrations are 
lower than in normal weight counterparts (9).  Adiponectin concentrations responded 
differently in overweight and normal weight women consuming the AHA or Atkins diets in 
each sequence.  Some studies have shown that there is no effect of diet on adiponectin and 
that adiponectin has small changes in concentration from the fasted to postprandial states,    
however, in our study, adiponectin concentrations are influenced by diet, weight, timepoint, 
and sequence (10-12).       
     Growth hormone concentrations increased in normal weight women at the same time or 
after adiponectin concentrations appeared to be higher.  Research has shown the adiponectin 
increases insulin sensitivity, increases glucose uptake in muscle, decreases liver 
gluconeogenesis and stimulates -oxidation of fatty acids (13, 14).  The increase in GH 
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concentrations near increases in adiponectin concentrations may be a result of GH 
stimulating FFA release from adipose tissue and adiponectin stimulating the use of the free 
fatty acids by muscle for -oxidation (15).  Further study into the possible relationship of GH 
and adiponectin is needed to understand fully the role of GH on glucose and fatty acid 
metabolism.                
     Universal dietary guidelines may not be appropriate for all humans to achieve optimal 
health.  Consumption of enough calories to maintain weight resulted in no clear preprandial 
increase in ghrelin concentrations in women regardless of macronutrient composition of the 
diet thus indicating that energy balance influences the preprandial response of ghrelin 
concentrations.  Both macronutrient and caloric content of the diet are important in 
modulating acylated ghrelin concentrations in women.  Prediabetic and individuals with Type 
II diabetes may benefit from a high protein diet to control insulin profiles over the day.  In 
addition, this study indicates that the order in which the diets are administered affects 
hormone concentrations in the blood.  Experimental design is critical in obtaining 
information on the relationship of hormones related to appetite and body composition. 
ACKNOWLEDGEMENTS 
 Financial support for this experiment was provided by the Center for Designing Foods to 
Improve Nutrition.  Authors would like to acknowledge and thank Dr. P. Dixon for his 
assistance, guidance, and work on the statistical analysis of this research.  Authors would like 
to thank P. Allen, A. Brown, L. Cumpston, C. Grote, C. Growth, G. Janda, and K. Virgil of 
the Nutritional Physiology Group at Iowa State University for assistance with the blood 
collection, meal preparation, kitchen duties, and hormone assays.  Authors would like to 
108


thank K. Hanson for her support, advice, and assistance throughout all aspects of the study.  
MBB, LLA, AHT and DCB designed the research; MBB conducted the research; MBB 
analyzed the data; MBB wrote the paper; LLA, AHT, and DCB had responsibility for final 
content. 
REFERENCES 
1. Tschop, M., Weyer, C., Tatranni, A., Devanarayan, V., Ravussin, E., and Heiman,  
M. Circulating ghrelin levels are decreased in human obesity. Diabetes 2001;50:707-
709. 
2. English PJ, Ghatei MA, Malik IA, Bloom SR, Wilding JP. Food fails to suppress 
ghrelin levels in obese humans. J Clin Endocrinol Metab. 2002;87:2984. 
3. Salbe AD, Tschöp MH, DelParigi A, Venti CA, Tataranni PA. Negative relationship 
between fasting plasma ghrelin concentrations and ad libitum food intake. J Clin 
Endocrinol Metab. 2004;89:2951-2956. 
4. Beck B, Musse N, Stricker-Krongrad A. Ghrelin, macronutrient intake and 
dietary preferences in Long-Evans rats. Biochem Biophys Res Commun. 
2002;292:1031-5. 
5. Monteleone P, Bencivenga R, Longobardi N, Serritella C, Maj M. Differential 
responses of circulating ghrelin to high-fat or high-carbohydrate meal in healthy 
women. J Clin Endocrinol Metab. 2003;88:5510-4. 
6. Weigle DS, Cummings DE, Newby PD, Breen PA, Frayo RS, Matthys CC, Callahan 
HS, Purnell JQ. Roles of leptin and ghrelin in the loss of body weight caused by a low 
fat, high carbohydrate diet. J Clin Endocrinol Metab. 2003;88:1577-86. 
109


7. Foster-Schubert KE, Overduin J, Prudom CE, Liu J, Callahan HS, Gaylinn 
BD,Thorner MO, Cummings DE. Acyl and total ghrelin are suppressed strongly by 
ingested proteins, weakly by lipids, and biphasically by carbohydrates. J Clin 
Endocrinol Metab. 2008;93:1971-9. 
8. Centers for Disease Control and Prevention. Trends in intake of energy and 
macronutrients--united states, 1971-2000. MMWR Morb Mortal Wkly Rep. 2004; 
53:80-2. 
9. Kadowaki T, Yamauchi T. Adiponectin and adiponectin receptors. Endocr Rev. 
2005;26:439-51. 
10. Peake PW, Kriketos AD, Campbell LV, Shen Y, Charlesworth JA. The metabolism 
of isoforms of human adiponectin: studies in human subjects and in experimental 
animals. Eur J Endocrinol. 2005;153:409-17. 
11. Swarbrick MM, Havel PJ. Physiological, pharmacological, and nutritional regulation 
of circulating adiponectin concentrations in humans. Metab Syndr Relat Disord. 
2008;6:87-102. 
12. St-Pierre DH, Faraj M, Karelis AD, Conus F, Henry JF, St-Onge M, Tremblay-
Lebeau A, Cianflone K, Rabasa-Lhoret R. Lifestyle behaviours and components of 
energy balance as independent predictors of ghrelin and adiponectin in young non-
obese women. Diabetes Metab. 2006;32:131-9. 
13. Combs TP, Berg AH, Obici S, Scherer PE, Rossetti L. Endogenous glucose 
production is inhibited by the adipose-derived protein Acrp30. J Clin Invest. 
2001;108:1875-81. 
110


14. Sheng T, Yang K. Adiponectin and its association with insulin resistance and type 2 
diabetes. J Genet Genomics. 2008;35:321-6. 
15. Jorgensen JOL, Moller L, Krag M, Billestrup N, Christiansen JS.  Effects of growth 
hormone on glucose and fat metabolism in human subjects. Endocrinol Metab Clin N 
Am. 2007;36:75-87. 
16. Blom WA, Lluch A, Stafleu A, Vinoy S, Holst JJ, Schaafsma G, Hendriks HF. Effect 
of a high-protein breakfast on the postprandial ghrelin response. Am J Clin Nutr. 
2006;83:211-20. 
17. Callahan HS, Cummings DE, Pepe MS, Breen PA, Matthys CC, Weigle DS.  
Postsuppression of plasma ghrelin level is proportional to ingested caloric load but 
does not predict intermeal interval in humans.  J Clin Endocrinol Metab. 
2004;89:1319-24. 
18. Al Awar R, Obeid O, Hwalla N, Azar S. Postprandial acylated ghrelin status 
following fat and protein manipulation of meals in healthy young women. Clin Sci 
(Lond). 2005;109:405-11. 
19. Veldhorst MA, Nieuwenhuizen AG, Hochstenbach-Waelen A, Westerterp KR, 
Engelen MP, Brummer RJ, Deutz NE, Westerterp-Plantenga MS. Comparison of the 
effects of a high- and normal-casein breakfast on satiety, 'satiety' hormones, plasma 
amino acids and subsequent energy intake. Br J Nutr. 2009;101:295-303. 
20. Veldhorst MA, Nieuwenhuizen AG, Hochstenbach-Waelen A, Westerterp KR, 
Engelen MP, Brummer RJ, Deutz NE, Westerterp-Plantenga MS. Effects of high and 
normal soyprotein breakfasts on satiety and subsequent energy intake, including 
amino acid and 'satiety' hormone responses. Eur J Nutr. 2009;48:92-100.  
111


21. Boelsma E, Brink EJ, Stafleu A, Hendriks HF. Measures of postprandial wellness 
after single intake of two protein-carbohydrate meals. Appetite. 2010. 
doi:10.1016/j.appet.2009.12.014.  
22. Sedlácková D, Dostálová I, Hainer V, Beranová L, Kvasnicková H, Hill M, Haluzík 
M, Nedvídková J. Simultaneous decrease of plasma obestatin and ghrelin levels after 
a high-carbohydrate breakfast in healthy women. Physiol Res. 2008;57:S29-S37. 
23. Rizza RA, Gerich JE. Persistent effect of sustained hyperglucagonemia on glucose 
production in man. J Clin Endocrinol Metab. 1979;48:352-5. 
24. Rizza RA, Cryer PE, Haymond MW, Gerich JE. Adrenergic mechanisms of 
catecholamine action on glucose homeostasis in man. Metabolism. 1980;29:1155-63. 
25. Cryer PE. Glucose counterregulation: prevention and correction of hypoglycemia in 
humans. Am J Physiol. 1993;264:E149-55. 
26. Weigle DS, Breen PA, Matthys CC, Callahan HS, Meeuws KE, Burden VR, Purnell 
JQ. A high-protein diet induces sustained reductions in appetite, ad libitum caloric 
intake, and body weight despite compensatory changes in diurnal plasma 
leptin and ghrelin concentrations. Am J Clin Nutr. 2005;82:41-8. 
27. Reaven GM. Effects of differences in amount and kind of dietary carbohydrate on 
plasma glucose and insulin responses in man. Am J Clin Nutr. 1979;32:2568-78. 
28. Havel PJ, Townsend R, Chaump L, Teff K. High-fat meals reduce 24-h circulating 
leptin concentrations in women.  Diabetes. 1999;48:334-41. 
112


Table 1: Characteristics of Female Participants
1
  
 Age (yr) BMI Total Mass (kg) Body Fat (%) 
Normal Weight 24.25 ± 5.06 21.3 ± 0.6  58.2 ± 4.9 22.9  ± 3.3 
Overweight 25.75 ± 5.06 26.7 ± 2.5  74.5 ±  3.0 32.7 ±  6.1 
1
Values are means ± std. dev. 
a,b Means with different superscripts are different.
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Table 2: Significance of the Terms in the Model
1
Term Adiponectin AG TG GH Glucagon Insulin Leptin 
Diet 0.29 0.0003 0.41 0.46 <0.0001 <0.0001 <0.0001
Weight (wt) 0.31 0.40 0.90 0.66 0.95 0.95 0.008 
Timepoint (tp) 0.77 0.007 0.031 <0.0001 <0.0001 <0.0001 <0.0001
Sequence (seq) 0.84 0.18 0.26 0.58 0.34 0.67 0.04 
Diet*wt 0.67 <0.0001 0.08 0.08 0.003 0.45 <0.0001
Wt*seq 0.47 0.19 0.51 0.81 0.46 0.105 0.005 
Tp*seq 0.72 0.73 0.98 0.83 0.0006 0.0023 0.39 
Diet*wt*tp 0.025 0.802 0.25 0.33 <0.0001 <0.0001 0.32 
Diet*wt*seq*tp <0.0001 0.038 0.0006 0.0002 0.0091 0.0016 <0.0001
1
P < 0.05 was considered significant and 0.05 > P < 0.1 was considered a trend. AG = Acylated ghrelin, TG = 
Total ghrelin, GH = growth hormone.
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Table 3: Metabolic Panel1
Measurement Overweight 
Atkins 
Normal 
Weight 
Atkins
2
Overweight 
AHA 
Normal 
Weight 
AHA 
Period 1 
Glucose (mg/dL) 99.0 ± 22.6
*
ND 77.0 ± 9.9 81.5 ± 9.2
Blood Urea Nitrogen (mg/dL)

23.5 ± 2.1 ND 11.0 ± 1.4 11.0 ± 0.0
AST (IU/mL) 27.0 ± 2.8 ND 25.5 ± 2.1 31.5 ± 10.6
ALT (IU/mL) 23.5 ± 0.7 ND 19.0 ± 0.0 30.5 ± 0.7
Total Cholesterol (mg/dL)

178.0 ± 17 ND 127.0 ± 1.4 165.5 ± 26.2
Triacylglycerols (mg/dL) 61.0 ± 22.6 ND 55.0 ± 9.9 80.0 ± 9.2
HDL Cholesterol (mg/dL)

59.5 ± 26.2 ND 47.5 ± 4.9 60.0 ± 11.3
VLDL Cholesterol (mg/dL) 12.5 ± 2.1 ND 11.0 ± 0.0 16.0 ± 0.0
LDL Cholesterol (mg/dL)

106.0 ± 11.3 ND 68.5 ± 6.4 89.5 ± 37.5
LDL/HDL ratio 2.05 ± 1.06 ND 1.5 ± 0.28 1.55 ± 0.92
Period 2 
Glucose (mg/dL) 79.0 ± 9.9
*
71.0 ± 1.4 71.5 ± 2.1 77.0 ± 1.4
Blood Urea Nitrogen (mg/dL)

22.5 ± 0.7 22.0 ± 1.4 11.0 ± 0.0 11.0 ± 4.2
AST (IU/mL) 23.0 ± 2.8 24.0 ± 0.0 26.0 ± 2.8 35.5 ± 10.6
ALT (IU/mL) 17.5 ± 0.7 25.0 ± 2.8 21.5 ± 0.7 23.5 ± 9.2
Total Cholesterol (mg/dL)

148.5 ± 30.4 185.0 ± 2.8 156.5 ± 26.1 182.5 ± 55.9
Triacylglycerols (mg/dL) 52.5 ± 9.9 67.5 ± 1.4 94.5 ± 2.1 68.5 ± 1.4
HDL Cholesterol (mg/dL)

51.5 ± 2.1 77.5 ± 29.0 55.0 ± 24.0 61.5 ± 3.5
VLDL Cholesterol (mg/dL) 10.5 ± 2.1 13.5 ± 10.6 19.0 ± 4.2 13.5 ± 0.7
LDL Cholesterol (mg/dL)

86.5 ± 30.4 94.0 ± 21.2 82.5 ± 2.1 107.5 ± 60.1
LDL/HDL ratio 1.70 ± 0.71 1.35 ± 0.78 1.65 ± 0.78 1.75 ± 1.06
1
Values are means ± std. dev. 
2
Missing values for both participants for period 1. 

 indicates difference between diets only with no effect of period or weight. 
*
 indicates the difference in weight*diet with no effect of period.  
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Table 4: Body Composition
1
Trunk Mass 
(kg) 
Trunk Fat 
(%) 
Total Mass 
(kg) 
Total Fat 
(%) 
Period 1     
Overweight Atkins
a
 34.7 ± 3.3 37.3 ± 4.3 73.4 ± 3.6 37.4 ± 1.7 
Normal Weight Atkins
b
 25.9 ± 3.5 13.9 ± 1.8 56.8 ± 7.4 18.6 ± 2.0 
Overweight AHA
a
 31.6 ± 1.2 22.5 ± 3.0 70.1 ± 0.7 26.2 ± 0.0 
Normal Weight AHA
b
 24.7 ± 1.4 19.9 ± 3.3 56.0 ± 3.1 25.1 ± 0.5 
Period 2     
Overweight Atkinsa 30.7 ± 1.2 21.1 ± 2.2 69.3 ± 0.2 25.1 ± 0.2 
Normal Weight Atkinsb 24.1 ± 2.1 19.1 ± 2.6 55.4 ± 3.8 24.8 ± 0.1 
Overweight AHAa 35.0 ± 2.3 36.6 ± 5.4 73.2 ± 3.0 36.9 ± 2.5 
Normal Weight AHA
b
 25.3 ± 3.0 13.8 ± 1.3 56.0 ± 7.1 19.2 ± 2.3 
1
Values are means ± std. dev. 
a,b Means with different superscripts are different.  Significant difference re between overweight and normal 
weight in trunk mass, trunk fat, total mass and total fat.  There was no difference between diets or sequence. 
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Chapter III: Part I 
Effect of American Heart Association and Atkins diets on the change in circulating 
concentrations of ghrelin and other hormones involved in energy metabolism: 
comparison of the fed and fasted states over lunch period in normal and overweight 
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ABSTRACT 
     Investigating the role of hormones that regulate energy metabolism on energy balance and 
body composition in men when varying diets are consumed could provide insight into the 
etiology of obesity.  In this study, we investigated the effect of Atkins and AHA diets in 
normal weight and overweight men when breakfast was consumed or skipped on the change 
in ghrelin and other energy metabolism hormones before and after consuming lunch.  Eight 
male subjects, ages 19-24, were used in this study:  four normal subjects with an average 
BMI of 21.3 and four overweight subjects with an average BMI of 27.9.  Each subject 
received both treatments by a crossover design.  Two normal and two overweight subjects 
were assigned to the Atkins diet.  The Atkins diet contained 10% of energy as carbohydrate, 
45% of energy as protein, and 45% of energy as lipid.  The remaining two normal and two 
overweight subjects were assigned to the AHA diet that contained 63% of energy as 
carbohydrate, 12% of energy as protein, and 25% of energy as lipid.  Men on both diets were 
fed 3,000 kcal/day.  Each diet was fed for 14 days, and then subjects switched diets.  On days 
6 and 20, breakfast was consumed before 08:00 and blood was taken at 11:00 and 1 hr after 
finishing the noon meal.  On days 14 and 28, subjects were fasted and blood samples were 
taken at 11:00 and 1 hr after finishing the noon meal.  Plasma samples were analyzed for 
acylated and total ghrelin, leptin, insulin, glucagon, growth hormone, and adiponectin.  When 
consuming the Atkins diet, both normal weight and overweight men had higher adiponectin 
concentrations in the fed state in comparison to the fasted state.  Men consuming the AHA 
diet had an increase in acylated ghrelin concentrations over the lunch period, whereas there 
was no change in acylated ghrelin concentrations in men consuming the Atkins diet.  Both 
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normal weight and overweight men had increased glucagon concentrations in the fed state 
when consuming the Atkins diet when the AHA diet was administered before the Atkins diet.  
When consuming the Atkins diet, overweight men in the fed and fasted states had lower 
leptin when consuming the Atkins diet in comparison to the AHA diet when the Atkins was 
administered before the AHA diet.  Grouping overweight and normal weight men would not 
be appropriate based on results in this study.  Consumption of breakfast may be beneficial in 
overweight men in the decreasing the development of insulin resistance in conjunction with 
consumption of a lower carbohydrate diet.   
INTRODUCTION 
     Ghrelin (acylated) is a 28 amino acid peptide with an octanoyl group on Ser3 (1).  
Acylated ghrelin stimulates nutrient intake, whereas leptin and insulin cause satiety (2, 3).  
Leptin and acylated ghrelin regulate the action of each other.  Additionally, leptin can inhibit 
insulin secretion based on the needs of the adipose tissue; moreover, insulin signals the 
secretion of leptin from white adipose tissue (4).   
     Dietary macronutrient composition can affect hormone concentrations in the blood.  
Healthy non-obese men fed a high carbohydrate meal had a greater increase in plasma 
ghrelin in comparison to men fed the high fat meal (5).  In addition, hunger sensation of 
subjects fed the high carbohydrate diet was suppressed more than that of subjects fed the 
high fat diet.  However, subjects fed a high protein breakfast felt more satiated that subjects 
fed a high carbohydrate diet (6).  Ghrelin concentration, however, increased with weight loss 
in humans when eating a low fat, high carbohydrate diet, whereas high fat diets decrease 
adiposity without increasing appetite (7).   
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     Results from studies on high protein diets are mixed.  Increasing specific protein sources 
(soy and casein) in the diet did not affect ghrelin concentrations (8, 9).  Al Awar and 
colleagues showed that a high protein diet decreased acylated ghrelin concentrations, 
whereas Blom and colleagues showed that a high protein diet resulted in no change in 
acylated ghrelin concentrations (10, 11).  However, men fed a high protein breakfast had no 
change in acylated ghrelin in comparison to an increase in acylated ghrelin concentrations in 
men fed a high carbohydrate breakfast (12). 
     Plasma concentrations of hormones can be influenced by weight class.  Plasma ghrelin 
concentrations in obese humans are lower than ghrelin concentrations of normal weight 
individuals (13).  One study demonstrated that refeeding after fasting did not decrease the 
ghrelin concentrations in obese human patients (14).  In normal weight humans, fasting 
ghrelin concentrations decreased after feeding.  Another study showed that ghrelin has a 
negative association with ad libitum feed intake (15).  Studying the effects of diet 
composition on ghrelin concentrations in both normal weight, overweight, and obese patients 
is necessary to understand the mechanisms by which the body controls energy homeostasis.  
Thus, understanding the regulation of ghrelin under conditions of weight gain, maintenance, 
and loss could provide insight into understanding obesity (13). 
     The overall objective of this research was to elucidate the relationship of diet composition 
and ghrelin concentration with respect to obesity.  We compared the effects of the 
macronutrient composition of two common diets, Atkins and American Heart Association 
(AHA), on ghrelin, other hormones associated with ghrelin, and blood metabolite 
concentrations (16, 17).  We hypothesized that males with a greater propensity to obesity 
have greater ghrelin concentration in plasma, which stimulates greater food intake to cause 
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obesity.  Furthermore, we hypothesized that subjects consuming the Atkins diet will have 
lower plasma ghrelin concentrations than subjects consuming the AHA diet. 
MATERIAL AND METHODS 
Subjects 
     Approval for all screening and study procedures was obtained from the Iowa State 
University Institutional Review Board.  Each subject was screened for BMI, eating disorders, 
and major health problems through an interview and physical examination.  Volunteers were 
excluded if they have or had an eating disorder, or have a major health problem such as 
diabetes, heart conditions, and hypoglycemia.  After successful completion of the screening, 
eight male subjects, four with normal weight BMIs and four with overweight BMIs (18, 
Table 1) were assigned randomly to treatment diets.   
     Each subject received both treatment diets by a crossover design.  Subjects were given 
3,000 kcal/day based on average energy intake of males of that age group (19).  For the first 
period, two normal and two overweight subjects were assigned to the Atkins diet and the 
others to the AHA diet.  The Atkins diet contained 10% of energy as carbohydrate, 45% of 
energy as protein, and 45% of energy as lipid.  The AHA diet contained 63% of energy as 
carbohydrate, 12% of energy as protein, and 25% of energy as lipid.  Diets were formulated 
using Nutritionist Pro (version 2.3; First DataBank, Inc.; San Bruno, CA) by a registered 
dietitian.  All diets were prepared and served by personnel at the Human Metabolic Unit at 
Iowa State University.  Participants consumed each diet for 14 days with a repeating 7-day 
menu for each diet.  Meals were served between 08:00-09:00, 12:00-13:00, and 17:00-18:00 
in the dining area of Human Metabolic Unit at Iowa State University. 
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     On days 6 and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 
hr before and 1 hr after completion of the noon meal (Fed state).  On days 14 and 28, subjects 
were fasted from 22:00 on day 13 to 12:00 on day 14 and then fed their meal at 12:00 (Fasted 
state).  Two blood samples were taken on days 14 and 28 at 11:00 and 1 hr after the 
completion of the noon meal.  All blood was collected in EDTA-containing vacutainer tubes 
(BD Scientific, Franklin Lakes, NJ) and kept at 4 °C during processing.  Samples were 
centrifuged at 3000 × g for 20 min.  Plasma was collected and analyzed for adiponectin, 
ghrelin (acylated and total), glucagon, growth hormone, insulin, and leptin.   
Hormone Analysis 
  Adiponectin concentrations were measured by using a commercially available 
radioimmunoassay (Linco Research, St. Charles, MO).  The lower limit of detection was 1 
ng/mL, and the intra-assay coefficient of variation was < 10%.   
     Total ghrelin concentrations were measured by using a commercially available 
radioimmunoassay kit (Linco Research).  The lower limit of detection was 93 pg/mL, and the 
intra-assay coefficient of variation was < 10%.   
     For acylated ghrelin samples, 50 µL of 1 N hydrochloric acid and 10 µL of 10 mg/mL 
phenylmethylsulfonyl fluoride (PMSF, Sigma, St. Louis, MO) in methanol were added for 
every 1 mL of plasma immediately after centrifugation.  Acylated ghrelin concentrations 
were measured using a commercially available radioimmunoassay kit (Linco Research).  
This assay has been found to be highly specific for acylated ghrelin with less than 0.1 % 
cross-reactivity for desoctanoyl ghrelin and no cross reactivity with ghrelin 14-28, motilin-
related peptide, leptin, insulin, glucagon, or GLP-1 (7-36).  The lower detection limit was 7.8 
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pg/mL.  The intra-assay coefficient of variation was < 10%.   
     For glucagon samples, 50 µL of aprotinin (5500 KIU/mL, Sigma) were added to 1 mL of 
plasma with a final concentration of 550 KIU aprotinin per mL of plasma.  All plasma 
samples were stored at -20 °C until assayed.  Glucagon concentrations were measured by 
using a commercially available radioimmunoassay (Linco Research).  The lower limit of 
detection was 20 pg/mL, and the intra-assay coefficient of variation was < 10%.   
     Growth Hormone concentrations were measured by using a commercially available 
radioimmunoassay (Diagnostic Products Corporation (DPC), Los Angeles, CA).  The lower 
limit of detection was 0.9 ng/mL, and the intra-assay coefficient of variation was < 10%.      
      Insulin concentrations were measured by using a commercially available 
radioimmunoassay (Linco Research).  The lower limit of detection was 0.2 µU/mL (1.389 
pmol/L), and the intra-assay coefficient of variation was < 10%.   
     Leptin concentrations were measured by using a commercially available 
radioimmunoassay (Linco Research).  The lower limit of detection was 0.05 ng/mL, and the 
intra-assay coefficient of variation was < 10%.   
Statistics 
     Hormone data were analyzed by using the MIXED procedure in SAS (Version 9.1, SAS 
Institute, Cary, NC).  All hormone data were analyzed as a split-plot with repeated measures 
ANOVA.  The hormone concentrations for before lunch were analyzed.  In addition, the 
change score of before lunch concentrations subtracted from 1 hr after lunch concentrations 
was analyzed.  The model included fixed effects of diet, weight (weight class), state (fed or 
fasted), sequence, diet*weight, weight*sequence, sequence*state, diet*weight*state, and 
130 
diet*weight*state*sequence, while person(weight*sequence) was included in the model as 
the random effect.  Significance of the interaction terms is listed in Table 2.  No multiple 
comparison adjustments were made because this is an exploratory study.  For all tests, P < 
0.05 was considered significant and P < 0.1 was considered a trend. 
RESULTS 
Comparison of the Fed and Fasted States before Lunch 
Acylated ghrelin 
     Acylated ghrelin concentrations in men were influenced by the diet, physiological state, 
and sequence (Fig. 1).  Men consuming the Atkins diet had higher acylated ghrelin 
concentrations 1 hr before lunch than did men consuming the AHA diet (135.5 ng/L vs. 75.2 
ng/L, P = 0.0025).  Acylated ghrelin concentrations were higher 1 hr before lunch in men that 
were fasted in comparison to men that were in the fed state (122.6 ng/L vs. 88.0 ng/L, P = 
0.0492).  Acylated ghrelin concentrations were higher in the men who went from the AHA 
diet (145.7 ng/L) to the Atkins diet in comparison to men who went from the Atkins diet to 
the AHA diet (64.89 ng/L, P = 0.0499)   
Total Ghrelin 
     Insulin concentrations in men were influenced by the diet (Fig. 2)  Men consuming the 
Atkins diet had higher total ghrelin concentrations in comparison to men who consumed the 
AHA diet (958 ng/L vs. 761 ng/L, P = 0.0034).  There were no significant differences in total 
ghrelin concentrations before lunch in the fasted or fed states.  There was no effect of weight, 
physiological state, or sequence on total ghrelin concentrations 1 hr before lunch in men.  
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Insulin 
     Insulin concentrations in men were influenced by the diet and physiological state (Fig. 3).  
Men consuming the Atkins diet had lower insulin concentrations than did men consuming the 
AHA diet (55.6 pmol/L vs. 178.1 pmol/L, P = 0.0150).  Insulin concentrations were higher in 
men in the fed state in comparison to the fasted state (183.6 pmol/L vs. 50.0 pmol/L, P = 
0.0094).  There was no effect of weight or sequence on insulin concentrations 1 hr before 
lunch in men.  
Glucagon 
     The four-way interaction (diet*weight*state*sequence) term in the model was significant 
(P = 0.0051, Fig. 4).  Overweight men consuming the Atkins diet had significantly higher 
glucagon concentrations in the fed state (321 ng/L) in comparison to the fasted state (97.9 
ng/L) when the Atkins diet was given before the AHA diet (P < 0.0001).  In the fed state, 
overweight men fed the Atkins diet had higher glucagon when the Atkins diet was given 
before the AHA diet (321.9 ng/L) in comparison to when the AHA diet was given before the 
Atkins diet (130.6 ng/L, P = 0.0002).  Overweight men in the fed state had higher glucagon 
when consuming the Atkins diet in comparison to the AHA diet when the Atkins diet was 
administered before the AHA diet (321.9 ng/L vs. 106.4 ng/L, P < 0.0001).   
   Normal weight men responded similarly to overweight men with respect to the effects of 
diet, state, and sequence on glucagon concentrations.  Normal weight men consuming the 
Atkins diet had higher glucagon concentrations in the fed state (276.6 ng/L) in comparison to 
the fasted state (65.4 ng/L) when the Atkins diet was given before the AHA diet (P = 0.0001).  
In the fed state, normal weight men consuming the Atkins diet had higher glucagon 
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concentrations when the Atkins diet was given before the AHA diet (276.6 ng/L) in 
comparison to when the AHA diet was given before the Atkins diet (135.6 ng/L, P = 0.0020).  
Normal weight men in the fed state had higher glucagon concentrations when consuming the 
Atkins diet (276.6 ng/L) in comparison with consuming the AHA diet (73.7 ng/L) when the 
Atkins diet was administered before the AHA diet (P = 0.0002). 
Leptin 
     The four-way interaction (diet*weight*state*sequence) term in the model was significant 
(P = 0.0291, Fig. 5).  In the fasted state, overweight men had lower leptin concentrations 
when consuming the Atkins diet (5.39 µg/L) in comparison to the AHA diet (8.52 µg/L) 
when the Atkins diet was given before the AHA diet (P = 0.0026).  In the fasted state, 
overweight men had lower leptin concentrations when consuming the Atkins diet (5.00 µg/L) 
in comparison to the AHA diet (8.45 µg/L) when the AHA diet was given before the Atkins 
diet (P = 0.0013).  In the fed state, overweight men had lower leptin concentrations when 
consuming the Atkins diet (4.91 µg/L) in comparison to the AHA diet (7.98 µg/L) when the 
AHA diet was given before the Atkins diet (P = 0.0029).     
     Overweight men consuming the AHA diet had lower leptin concentrations in the fed state 
(4.62 µg/L) in comparison to the fasted state (8.52 µg/L) when the Atkins diet was given 
before the AHA diet (P = 0.0005).  In the fasted state, overweight men fed the AHA diet had 
higher leptin concentrations than that of normal weight men fed the AHA diet when the 
Atkins diet was given before the AHA diet (8.52 µg/L vs. 1.06 µg/L, P = 0.0362).   
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Adiponectin 
     The four-way interaction (diet*weight*state*sequence) term in the model was significant 
(P = 0.0007, Fig. 6).  Overweight men consuming the Atkins diet had higher adiponectin 
concentrations in the fed state when compared to the fasted state when the Atkins diet was 
given before the AHA diet (8,825 µg/L vs. 4,580 µg/L, P = 0.0068).  Normal weight men fed 
the Atkins diet had higher adiponectin concentrations in the fed state (11,500 µg/L) in 
comparison to the fasted state (6,606 µg/L) when the Atkins diet was given before the AHA 
diet (P = 0.0027).  Overweight men in the fasted state consuming the AHA diet had lower 
adiponectin concentrations in the fed state in comparison to the fasted state when the Atkins 
diet was administered before the AHA diet (2,548 µg/L vs. 5,737 µg/L, P = 0.0305) and when 
the AHA diet was administered before the Atkins diet (7,336 µg/L vs. 3,928 µg/L, P = 
0.0244).   
     When breakfast was consumed, overweight men fed the Atkins diet had higher 
adiponectin concentrations in comparison to overweight men fed the AHA diet when the 
Atkins diet was given before the AHA diet (8,825 µg/L vs. 2,548 µg/L, P = 0.0004).  Normal 
weight men who ate breakfast had lower adiponectin concentrations when consuming the 
Atkins diet (5,005 µg/L) that normal weight men who ate breakfast consuming the AHA diet 
(7,133 µg/L) when the Atkins diet was given before the AHA diet (P = 0.0057) and when the 
AHA diet was given before the Atkins diet (5,005 µg/L vs. 8,193 µg/L, P = 0.0305).  In the 
fasted state, normal weight men fed the Atkins had lower adiponectin concentrations in 
comparison to normal weight men fed the AHA diet when the Atkins diet was given before 
the AHA diet (6,606 µg/L vs. 9,555 µg/L, P = 0.0426).   
134 
Growth Hormone 
     Men tended to have higher GH concentrations in the fasted state in comparison to the fed 
state (1.48 µg/L vs. 1.28 µg/L, P = 0.0566, Fig. 7).  There was no effect of weight, diet, or 
sequence on growth hormone concentrations 1 hr before lunch in men.  
Before and After Lunch Change in Hormone Concentrations 
Acylated ghrelin 
     There was a significant three-way interaction of diet*weight*state (P = 0.0465, Fig. 8).  
Overweight men in the fed state consuming the Atkins diet had a decrease in acylated ghrelin 
concentrations from 1 hr before lunch to 1 hr after lunch (-27.4 ng/L), whereas overweight 
men in the fed state had an increase in acylated ghrelin concentrations from 1 hr before lunch 
to 1 hr after lunch when consuming the AHA diet (44.9 ng/L, P = 0.0246).  Overweight men 
consuming the AHA had an increase in acylated ghrelin concentrations in the fed state (44.9 
ng/L) in contrast to a decrease in acylated ghrelin concentrations in the fasted state (-47.2 
ng/L) from 1 hr before lunch to 1 hr after lunch (P = 0.0067).  Acylated ghrelin increased in 
the fed state (22.1 ng/L) and decreased in the fasted state (-80.6 ng/L) from 1 hr before lunch 
to 1 hr after lunch in normal weight men consuming the AHA diet (P = 0.0033).  
Total Ghrelin 
    There were no significant differences in the change in total ghrelin concentrations before 
lunch in the fasted or fed states (Fig. 9).  There was no effect of weight, diet, physiological 
state, or sequence on the change before and after lunch in total ghrelin concentrations.  
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Insulin 
     There was a significant three-way interaction of diet*weight*state (P = 0.004, Fig. 10).  In 
the fasted state, the change in insulin concentrations was greater in overweight men 
consuming the AHA diet in comparison to the Atkins diet (536.8 pmol/L vs. 32.6 pmol/L, P = 
0.0005).  Overweight men consuming the AHA diet had a significant difference in the change 
in insulin concentrations between the fed and fasted states (-163.9 pmol/L vs. 536.8 pmol/L, 
P < 0.0001).  Overweight men consuming the AHA diet had a greater increase in insulin 
concentrations from 1 hr before lunch to 1 hr after lunch than did normal weight men 
consuming the AHA diet (536.8 pmol/L vs. 223.7 pmol/L, P = 0.0241). 
Glucagon 
     The change in glucagon concentrations was higher in men in the fasted state (48.6 ng/L) 
in comparison to men in the fed state (-0.3916 ng/L, P = 0.0410, Fig. 11).  There was no 
effect of weight, diet, or sequence on the change before and after lunch in glucagon 
concentrations. 
Leptin 
     The four-way interaction (diet*weight*state*sequence) term in the model tended to be 
significant (P = 0.0510, Fig. 12).  Men in the fed state had a decrease in leptin concentrations 
(-0.39 µg/L) 1 hr before lunch to 1 hr after lunch; in contrast, men in the fasted state had a 
increase in leptin concentrations (48.6 µg/L) 1 hr before lunch to 1 hr after lunch (P = 
0.0222).  There was a tendency for the 3 way interaction of diet*weight*state (P = 0.0510).  
There was a significant difference in the change in leptin concentration between the AHA 
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(1.25 µg/L) and Atkins (-0.70 µg/L) diets in overweight men in the fed state (P = 0.0168).  
The change in leptin concentrations was significantly different between the fed (1.25 µg/L) 
and fasted (-1.62 µg/L) states in overweight men consuming the AHA diet (P = 0.0015). 
Adiponectin 
     There was a significant two-way interaction of diet*weight (P = 0.0362, Fig. 13).  
Overweight men fed the Atkins diet had a decrease in adiponectin concentrations from 1 hr 
before lunch to 1 hr after lunch (-896 µg/L), however, overweight men fed the AHA diet had 
an increase in adiponectin concentrations from 1 hr before lunch to 1 hr after lunch (1869 
µg/L, P = 0.0103).  When fed the AHA diet, overweight men had an increase in adiponectin 
concentrations over the lunch period (1869 µg/L), whereas normal weight men had a 
decrease in adiponectin concentrations over the lunch period (-630 µg/L, P = 0.0132) 
Growth Hormone 
     There were no significant differences in the change in growth hormone concentrations 
before lunch in the fasted or fed states (Fig. 14).  There was no effect of weight, diet, 
physiological state, or sequence on the change before and after lunch in growth hormone 
concentrations.  
DISCUSSION 
     Breakfast consumption in obese humans is a key element to successful weight loss (20).  
The nutrient composition of breakfast has been shown to increase feelings of satiety (6).  In 
our study, visual analog scale of satiety was not taken but informally male subjects reported 
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feeling increased hunger when consuming the AHA diet versus the Atkins diet.  
    Plasma adiponectin concentrations before lunch in men were influenced by diet, weight 
class, sequence and the consumption of breakfast.  When consuming the Atkins diet, both 
normal weight and overweight men had higher adiponectin concentrations in the fed state in 
comparison to the fasted state.  Adiponectin has not been shown to be influenced by dietary 
composition but by the amount of calories in the diet, which is not in agreement with our data 
(21-23).  In our study, dietary composition affected adiponectin concentrations before lunch 
and the change in adiponectin concentrations.  The influence of the dietary composition was 
different between overweight men and normal weight men.  Normal weight men had lower 
adiponectin when consuming the Atkins diet in comparison to the AHA diet after consuming 
breakfast.  The carbohydrate content of the diet may have influenced the adiponectin 
concentrations.  With the increase in blood glucose from the high carbohydrate breakfast 
meal, adiponectin concentrations may be higher to increase glucose uptake in muscle and 
inhibit endogenous glucose production in the liver (24, 25), whereas the lower adiponectin 
concentration observed with the Atkins diet may be a result of the low carbohydrate content 
of the diet.  In addition, the change in adiponectin concentrations in overweight men was 
influenced by dietary composition.  Adiponectin concentrations decreased when the Atkins 
diet was consumed and increased when the AHA diet was consumed.  There was no effect of 
fed or fasted states on the change adiponectin concentrations from pre-prandial to 
postprandial state in men in our study.  Overweight men consuming the AHA diet had a 
significant change in adiponectin from the pre-prandial to the postprandial state.  Some 
research has shown that adiponectin has small changes in concentration from the fasted to 
postprandial states (21, 22).     
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     In addition, some research shows that adiponectin concentrations are lower in obese 
individuals in comparison to normal weight individuals (26).  Some research shows that 
adiponectin was lower in obese men in comparison to their normal weight counterparts (27).  
However, in our research, overweight men had high adiponectin concentrations than did 
normal weight men when consuming the AHA diet.  Our research indicates that grouping 
overweight and normal weight men may not be appropriate when measuring adiponectin 
concentrations.  
     Men had higher acylated ghrelin in the fasted state in comparison to the fed state.  Many 
studies have studied the effects of a high protein breakfast on ghrelin concentrations (10, 11).  
Another study measured the effects of a high protein in comparison to normal protein diet on 
the changes in acylated ghrelin over lunch but only in the postprandial state after breakfast 
(10).  In our study, we measured the response on acylated and total ghrelin response over the 
lunch period both in a fasted and fed state.  There was no change in total ghrelin 
concentrations from pre-prandial to postprandial state.  One study showed that men 
consuming a high protein breakfast had decrease in total ghrelin concentrations at three and 
four hours post lunch than that of men consuming a high carbohydrate breakfast; however, 
there was no change observed in acylated ghrelin concentrations in men between the high 
carbohydrate and the high protein breakfast (11).  Another study indicated that acylated 
ghrelin concentrations were lower in normal weight women consuming a high protein 
breakfast in comparison to a normal protein breakfast (10).  However, no significant 
difference in ghrelin concentrations was observed in women consuming normal and high 
casein diets or in men and women consuming normal and high soy protein diets (8, 9).  We 
observed a difference in acylated ghrelin concentrations between the Atkins and AHA diets 
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before lunch.  In a recent study, men fed a low carbohydrate diet for weight loss did not see 
the increase in acylated ghrelin that is associated with weight loss (12).  However, men eating 
the Atkins diet had higher acylated ghrelin than did men consuming the AHA diet. 
     Most of the high protein diets compared to our Atkins diet contained between 20-35 % of 
calories as protein with a range of carbohydrate of 35% to 55% of calories and various food 
matrices and protein sources (8-10, 28).  Men consuming high protein breakfast had lower 
total ghrelin concentrations in comparison to men consuming a normal protein breakfast (11).  
The period between before and after lunch may have not been long enough to detect 
differences in total ghrelin concentrations seen in other studies as changes in total ghrelin 
have been observed in men and women three to four hours after consuming a meal, however, 
the time interval of this study was chosen to investigate acute effects on hormone 
concentrations (11, 28).  
 Men consuming the AHA diet had an increase in acylated ghrelin concentrations over the 
lunch period, whereas there was no change in acylated ghrelin concentrations in men 
consuming the Atkins diet.  In a recent study, men who consumed a high carbohydrate 
breakfast had an increase in ghrelin concentrations over 3 hours and had increased caloric 
intake over 24 hours; whereas men who consumed a high protein breakfast did not have an 
increase in acylated ghrelin concentrations and consumed less calories over 24 hours (12).  A 
high carbohydrate breakfast led to a greater increase in acylated ghrelin over lunch in both 
overweight and normal weight men.  
     In women consuming the AHA and Atkins diets, GH concentrations were significantly 
different in the fed and fasted states (Chapter 2 Part I).  However, men consuming the Aktins 
and AHA diets tended to have higher GH concentrations in the fasted state in comparison to 
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the fed state.  In short fasting times, ghrelin is suppressed, whereas in long-term 
undernutrition, ghrelin concentrations increase.  The lack of differences between the fed and 
fasted states in ghrelin concentrations may be influenced by the GH/IGF-1 axis (29).  Growth 
hormone concentrations were higher in the fasted state in women in comparison to the fed 
state (Chapter 2 Part I).  However, there was no significant difference in acylated ghrelin 
concentrations between the fed and fasted states in men.  In addition, the change in GH 
concentrations was greater in the fasted state in comparison to the fed state in women and 
only tended to be higher in men (Chapter 2 Part I).  Growth hormone can be a negative 
feedback on total ghrelin (29).  During short term fasting, GH can serve as a feedback to 
ghrelin thus decreasing the concentration of ghrelin the blood (30).  In men, GH 
concentrations may not have been high enough to regulate ghrelin concentrations as seen in 
women under the same conditions.   
      In men, glucagon concentrations were influenced by dietary composition, weight class, 
sequence and physiological state.  Both normal weight and overweight men had increased 
glucagon concentrations in the fed state when consuming the Atkins diet when the AHA diet 
was administered before the Atkins diet.  Glucagon concentrations were lower in men fed the 
Atkins diet when the Atkins diet was given before the AHA diet.  The low carbohydrate 
content of the Atkins diet may have caused the increased glucagon concentrations because of 
low blood glucose concentrations.  Glucagon maintains acute blood glucose concentrations 
(31).  The lack of an increase in glucagon concentrations in the fasted state may be the result 
of the switch from immediate regulation of blood glucose by glucagon to short term fasting 
regulation of blood glucose by epinephrine (31-33).  In addition, switching from a high 
carbohydrate diet to a low carbohydrate diet may affect glucose metabolism.  A high protein 
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breakfast resulted in higher glucagon concentrations in men at 30 min. after consumption 
with no change in glucagon concentrations in men consuming a high carbohydrate breakfast 
(11).  Glucagon concentrations increased in men in the fasted state in comparison with the 
fed state from the pre-prandial to the postprandial states.  The increase in glucagon in men 
when lunch was consumed after fasting could be the result of glucagon regulation of glucose 
homeostasis.    
     Insulin concentrations were influenced by the main effects of diet and physiological state.  
As expected, insulin concentrations were higher in men who had consumed breakfast in 
comparison to men who were fasted.  When food is digested and absorbed, blood glucose 
concentrations increase and in response to increased blood glucose concentrations, insulin 
concentrations increase as well.  In addition, men consuming the Atkins diet had lower 
insulin concentrations in comparison with the men consuming the AHA diet.  Insulin 
concentrations are lower when dietary carbohydrates are decreased and replaced by dietary 
lipid (34).  Insulin concentrations were higher in overweight women, which is similar to the 
findings in obese women (35, 36), whereas in men, there was no significant difference in 
insulin concentrations between overweight and normal weight men.   
     The change in insulin concentrations over lunch were influenced by the interaction 
weight, diet, and physiological state.  Fasted overweight men had an increase in insulin 
concentration over lunch when consuming the AHA diet in comparison to fasted overweight 
men consuming the Atkins diet.  Our findings agree with another study where insulin 
concentrations increased at 30 min. postprandial in men consuming a high carbohydrate diet, 
whereas men consuming a high protein diet did not have a change in insulin concentrations 
(11).   
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     In our study, we saw little change in insulin concentrations when dietary carbohydrate was 
decreased and protein and lipid increased as evidenced by overweight men consuming the 
AHA diet having greater increases in insulin concentrations in comparison to the Atkins diet.  
The increase in insulin concentrations was greater in overweight men in comparison to 
normal weight men consuming the AHA diet in the fasted state.  Some research shows that 
insulin resistance increases with increasing BMI (37).  The increase in insulin concentrations 
when lunch was consumed after fasting was seen in both normal weight and overweight men 
only when consuming the AHA diet, which indicates that consuming a higher protein/lower 
carbohydrate diet such as the Atkins diet results in lower insulin concentrations. 
     Overweight men consuming the AHA diet had a decrease in insulin concentrations over 
lunch in the fed state in comparison to an increase in insulin concentrations in the fasted state 
over lunch.  Consuming breakfast may improve the insulin response to the lunch meal and 
decrease insulin resistance, whereas skipping breakfast increases insulin concentrations over 
the lunch period when consuming a high carbohydrate diet such as the AHA diet.  There was 
no significant difference in the change in insulin concentrations in normal weight men 
between the fed and fasted states when consuming the AHA diet.  Normal weight and 
overweight men had different insulin responses, and thus should be studied separately to 
better understand the changes in insulin concentrations in men of different BMI classes. 
     Leptin concentrations are higher in obese individuals in comparison to normal weight 
individuals.  In our study, leptin concentrations were higher in overweight men in 
comparison to normal weight men when consuming the AHA diet when the AHA diet was 
given before the Atkins diet.  Consuming the Atkins diet before the AHA diet may have 
influenced the response of leptin to the AHA diet.  Overweight men had higher leptin 
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concentrations in the fasted state in comparison to the fed state.  One study has shown 
participants felt hungrier at lunch when breakfast had been consumed (38).  When consuming 
the Atkins diet, overweight men in the fed and fasted states had lower leptin when consuming 
the Atkins diet in comparison to the AHA diet when the Atkins was administered before the 
AHA diet.  Subjects fed a high protein diet felt more satiated than subjects fed a high 
carbohydrate diet (6).  However, the concentrations of leptin in overweight men in our study 
were lower, indicating a possible decrease in satiety. 
     Leptin concentrations increased over lunch when overweight men had consumed 
breakfast, whereas leptin concentrations decreased in overweight men over lunch when 
breakfast was not eaten.  Another study has shown that consuming breakfast increases food 
intake at the lunch meal (38).  Leptin concentrations increase in overweight men consuming 
the AHA diet in comparison to a decrease in leptin concentrations on the Atkins diet.  The 
low carbohydrate in the diet may have suppressed the insulin-mediated stimulation of leptin 
secretion (4).   
     Universal dietary guidelines may not be appropriate for all humans to achieve optimal 
health.  Grouping overweight and normal weight men would not be appropriate based on 
results in this study.  Weight class affected some hormone concentrations differently and 
should be studied and analyzed separately.  In addition, dietary composition influences 
hormone concentrations.  High protein diets among multiple studies affected hormone 
concentrations differently.  The differences in findings between studies lie with the total 
dietary composition.  Several high protein diets increased the percent of calories from protein 
by lowering the percent calories from lipid or by lowering calories from both carbohydrate 
and lipid.  Each class of macronutrients influences hormone concentrations and care should 
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be taken when drawing conclusions about the general effects of any diet based on changing a 
single macronutrient.  Consumption of breakfast may be beneficial in overweight men by 
decreasing the development of insulin resistance in conjunction with consumption of a lower 
carbohydrate diet.  Experimental design is critical in obtaining information on the 
relationship of hormones related to appetite and body composition. 
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Table 1: Characteristics of Male Participants
1
 Age (yr) BMI Total Mass (kg) Body Fat (%) 
Normal Weight 21.25 ± 1.71 21.3 ± 1.7
a
 62.2 ± 7.1
a
 12.9 ± 1.6
a
Overweight 21.25 ± 1.26 27.9 ± 1.8
b
 84.8 ± 9.6
b
 25.1 ± 6.3
b
1
Values are means ± std. dev. 
a,b Means with different superscripts are different.
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Table 2: Significance of the Terms in the Model 
Adiponectin GA GTT GH Glucagon Insulin Leptin 
Before Lunch Only 
Diet 0.47 0.003 0.003 0.26 0.0012 0.015 0.0003 
Diet*wt 0.29 0.19 0.26 0.42 0.80 0.45 0.073 
Weight (wt) 0.35 0.34 0.66 0.97 0.067 0.41 0.072 
Sequence (seq) 0.61 0.0499 0.89 0.0999 0.054 0.62 0.81 
Weight*seq 0.68 0.50 0.47 0.69 0.57 0.35 0.95
State 0.072 0.049 0.37 0.057 <0.0001 0.0094 0.055 
Seq*state 0.96 0.19 0.85 0.34 0.019 0.49 0.51 
Diet*wt*state 0.32 0.58 0.18 0.14 0.014 0.14 0.049 
Diet*wt*seq*state 0.0007 0.29 0.30 0.80 0.0051 0.52 0.029 
Difference        
Diet 0.076 0.16 0.108 0.31 0.18 0.109 0.57 
Diet*wt 0.036 0.86 0.39 0.21 0.88 0.78 0.31
Weight (wt) 0.16 0.30 0.58 0.92 0.87 0.52 0.36 
Sequence (seq) 0.0197 0.087 0.401 0.59 0.96 0.29 0.092
Weight*seq 0.27 0.41 0.47 0.52 0.77 0.27 0.101 
State 0.38 0.0015 0.84 0.67 0.041 0.0022 0.022 
Seq*state 0.95 0.20 0.602 0.091 0.47 0.68 0.19 
Diet*wt*state 0.90 0.046 0.66 0.47 0.59 0.004 0.051
Diet*wt*seq*state 0.26 0.41 0.52 0.48 0.71 0.54 0.93 
1
P < 0.05 was considered significant and 0.05 > P < 0.1 was considered a trend. AG = Acylated ghrelin, TG = 
Total ghrelin, GH = growth hormone.
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Figure 1.  Acylated ghrelin concentrations (mean ± SEM) in the peripheral blood of normal 
weight men and overweight men fed the AHA and Atkins diets (upper panel).  Two normal 
and two overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 
10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 3,000 kcal/day.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  The main effects significant of diet (P = 0.0025), state (P 
= 0.0492), and sequence (P = 0.0499) were significant.  The acylated ghrelin concentrations 
in normal weight and overweight men fed the AHA and Atkins diets are shown in the lower 
panel.  a–b Treatment means with different superscripts differ, P < 0.05.
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Figure 2.  Total ghrelin concentrations (mean ± SEM) in the peripheral blood of normal 
weight men and overweight men fed the AHA and Atkins diets (upper panel).  Two normal 
and two overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 
10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 3,000 kcal/day.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  The main effect of diet was significant (P = 0.0034).  The 
total ghrelin concentrations in normal weight and overweight men fed the AHA and Atkins 
diets between sequence 1 and sequence 2.  a–b Treatment means with different superscripts 
differ, P < 0.05.  
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Figure 3.  Insulin concentrations (mean ± SEM) in the peripheral blood of normal weight 
men and overweight men fed the AHA and Atkins diets (upper panel).  Two normal and two 
overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 10% of 
energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 3,000 kcal/day.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  The main effects of diet and state were significant (P = 
0.0150, P = 0.0094).  The insulin concentrations in normal weight and overweight men fed 
the AHA and Atkins diets in the fed and fasted states are shown in the lower panel.  a–b 
Treatment means with different superscripts differ, P < 0.05.
157 
Figure 3 
158 
Figure 4.  Glucagon concentrations (mean ± SEM) in the peripheral blood of normal weight 
men and overweight men fed the AHA and Atkins diets.  Two normal and two overweight 
subjects were assigned to the Atkins diet.  The Atkins diet contained 10% of energy as 
carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The remaining two 
normal and two overweight subjects were assigned to the AHA diet that contained 63% of 
energy as carbohydrate, 12% of energy as protein, and 25% of energy as lipid.  Each diet was 
given at 3,000 kcal/day.  Each diet was fed for 14 days, and then subjects switched to the 
other diet, which is indicated by period 1 and period 2.  On days 6 and 20, breakfast was 
consumed between 07:00-08:00 and blood was taken at 1 hr before and after the noon meal.  
On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 on day 14 and then 
fed their meal at 12:00.  Two blood samples were taken on days 14 and 28 at 11:00 and 1 hr 
after the meal.  The interaction of diet*weight*state*sequence was significant (P = 0.0051).  
a–b Treatment means with different superscripts at specific times differ, P < 0.05 with 
referring to the difference is between diets,  referring to the difference between sequences, 
and  referring to the difference between states.
159 
Figure 4 
160 
Figure 5.  Leptin concentrations (mean ± SEM) in the peripheral blood of normal weight 
men and overweight men fed the AHA and Atkins diets (upper panel).  Two normal and two 
overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 10% of 
energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 3,000 kcal/day.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  The interaction of diet*weight*state*sequence was 
significant (P = 0.0291).  a–b Treatment means with different superscripts differ, P < 0.05 
with  referring to the difference is between diets,  referring to the difference is between 
weights and  referring to the difference between states.
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Figure 6.   Adiponectin concentrations (mean ± SEM) in the peripheral blood of normal 
weight men and overweight men fed the AHA and Atkins diets.  Two normal and two 
overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 10% of 
energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 3,000 kcal/day.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  The interaction of diet*weight*state*sequence was 
significant (P = 0.0007).  a–b Treatment means with different superscripts at specific times 
differ, P < 0.05 with  referring to the difference is between diets and  referring to the 
difference between states. 
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Figure 7.  Growth hormone concentrations (mean ± SEM) in the peripheral blood of normal 
weight men and overweight men fed the AHA and Atkins diets (upper panel).  Two normal 
and two overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 
10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 3,000 kcal/day.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  The main effect of physiological state tended to be 
significant (P = 0.0566).  The GH concentrations in the fed and fasted state in men are shown 
in the lower panel.  a–b Treatment means with different superscripts at specific times differ, P 
< 0.05. 
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Figure 8.  Changes in acylated concentrations (mean ± SEM) in the peripheral blood of 
normal weight men and overweight men fed the AHA and Atkins diets (upper panel).  Two 
normal and two overweight subjects were assigned to the Atkins diet.  The Atkins diet 
contained 10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as 
lipid.  The remaining two normal and two overweight subjects were assigned to the AHA diet 
that contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy 
as lipid.  Each diet was given at 3,000 kcal/day.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  The diet*weight interaction was significant (p = 0202).  
The changes in acylated ghrelin concentrations in normal weight and overweight men fed the 
AHA and Atkins diets are shown in the lower panel.  a–b Treatment means with different 
superscripts differ, P < 0.05 with  referring to the difference is between diets and  referring 
to the difference is between weights.
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Figure 9.  Changes in total ghrelin concentrations (mean ± SEM) in the peripheral blood of 
normal weight men and overweight men fed the AHA and Atkins diets.  Two normal and two 
overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 10% of 
energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 3,000 kcal/day.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  There were no significant differences in the changes in 
total ghrelin concentrations.  a–b Treatment means with different superscripts at specific 
times differ, P < 0.05.
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 Figure 10.  Changes in insulin concentrations (mean ± SEM) in the peripheral blood of 
normal weight men and overweight men fed the AHA and Atkins diets in the fed and fasted 
states.  Two normal and two overweight subjects were assigned to the Atkins diet.  The 
Atkins diet contained 10% of energy as carbohydrate, 45% of energy as protein, and 45% of 
energy as lipid.  The remaining two normal and two overweight subjects were assigned to the 
AHA diet that contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% 
of energy as lipid.  Each diet was given at 3,000 kcal/day.  Each diet was fed for 14 days, and 
then subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 
6 and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before 
and after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 
12:00 on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 
and 28 at 11:00 and 1 hr after the meal.  The interaction of diet*weight*state was significant 
(P = 0.0040).  a–b Treatment means with different superscripts differ, P < 0.05 with 
referring to the difference is between diets,  referring to the difference is between weights, 
referring to the difference between sequences, and  referring to the difference between 
states.
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Figure 11.  Changes in glucagon concentrations (mean ± SEM) in the peripheral blood of 
normal weight men and overweight men fed the AHA and Atkins diets in the fed and fasted 
states.  Two normal and two overweight subjects were assigned to the Atkins diet.  The 
Atkins diet contained 10% of energy as carbohydrate, 45% of energy as protein, and 45% of 
energy as lipid.  The remaining two normal and two overweight subjects were assigned to the 
AHA diet that contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% 
of energy as lipid.  Each diet was given at 3,000 kcal/day.  Each diet was fed for 14 days, and 
then subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 
6 and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before 
and after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 
12:00 on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 
and 28 at 11:00 and 1 hr after the meal.  The main effect of state was significant (P = 0.0410).  
The glucagon concentrations in the fed and fasted state in men are shown in the lower panel.  
a–b Treatment means with different superscripts differ, P < 0.05.
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Figure 12.  Changes in leptin concentrations (mean ± SEM) in the peripheral blood of 
normal weight men and overweight men fed the AHA and Atkins diets.  Two normal and two 
overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 10% of 
energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 3,000 kcal/day.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  The interaction of diet*weight*state tended to be 
significant (P = 0.0510).  a–b Treatment means with different superscripts at specific times 
differ, P < 0.05 with  referring to the difference is between diets and  referring to the 
difference between states.
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Figure 13.  Changes in adiponectin concentrations (mean ± SEM) in the peripheral blood of 
normal weight men and overweight men fed the AHA and Atkins diets.  Two normal and two 
overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 10% of 
energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 3,000 kcal/day.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  The interaction of diet*weight was significant (P = 
0.0362).  The adiponectin concentrations in normal weight and overweight women fed the 
AHA and Atkins diets are shown in the lower panel.  a–b Treatment means with different 
superscripts at specific times differ, P < 0.05 with  referring to the difference is between 
diets and  referring to the difference is between weights.
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Figure 14.  Changes in growth hormone concentrations (mean ± SEM) in the peripheral 
blood of normal weight men and overweight men fed the AHA and Atkins diets.  Two normal 
and two overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 
10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the AHA diet that 
contained 63% of energy as carbohydrate, 12% of energy as protein, and 25% of energy as 
lipid.  Each diet was given at 3,000 kcal/day.  Each diet was fed for 14 days, and then 
subjects switched to the other diet, which is indicated by period 1 and period 2.  On days 6 
and 20, breakfast was consumed between 07:00-08:00 and blood was taken at 1 hr before and 
after the noon meal.  On days 14 and 28, subjects were fasted from 22:00 on day 13 to 12:00 
on day 14 and then fed their meal at 12:00.  Two blood samples were taken on days 14 and 
28 at 11:00 and 1 hr after the meal.  There were no significant differences in the changes in 
total ghrelin concentrations.  a–b Treatment means with different superscripts at specific 
times differ, P < 0.05. 
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ABSTRACT 
     Investigating the role of appetite-related hormones on energy balance and body 
composition when varying diets are consumed could provide insight into the etiology of 
obesity.  Eight male subjects, ages 20-30, were used in this study:  Four normal weight 
subjects with BMI of 19-24 and four overweight subjects with of BMI of 27-30. Each subject 
received both treatments by a crossover design.  Two normal and two overweight subjects 
were assigned to the Atkins diet.  The Atkins diet contained 10% of energy as carbohydrate, 
45% of energy as protein, and 45% of energy as lipid.  The remaining two normal and two 
overweight subjects were assigned to the AHA diet that contained 63% of energy as 
carbohydrate, 12% of energy as protein, and 25% of energy as lipid. Each diet was fed for 14 
days, and then subjects switched to the other diet.  Blood was taken every hour from 07:00 to 
09:00 on days 13 and 27 of the study.  Plasma samples were analyzed for active and total 
ghrelin, leptin, insulin, glucagon, growth hormone, and adiponectin.  We hypothesized that 
subjects consuming the Atkins diet will have different plasma hormone concentrations over a 
14-hr period than subjects consuming the AHA diet.  Men consuming the AHA diet in period 
2 had increased acylated ghrelin and total ghrelin concentrations in comparison to when the 
men consumed the Atkins diet.  Insulin concentrations were suppressed in men consuming 
the Atkins diet in comparison to men consuming the AHA diet.  Glucagon concentrations 
were higher in men consuming the Atkins diet in comparison to the AHA diet after lunch 
until the end of the study period (hours 7-14).  Universal dietary guidelines for both men and 
women together along with weight classes may not achieve optimal health.  This study 
indicates that the order in which the diets are administered affects hormone concentrations in 
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the blood.  Overweight men do not respond the same as normal weight men.  Experimental 
design is critical in obtaining information on the relationship of hormones related to energy 
metabolism and body composition. 
INTRODUCTION 
     Understanding diet and hormone interaction in the progression of obesity is crucial in 
finding a solution to this growing nutritional problem in America.  Investigating the role of 
ghrelin on energy balance and body composition when varying diets are consumed could 
provide a better understanding of the control of energy metabolism.  Understanding the 
regulation of ghrelin under conditions of weight gain, weight maintenance, and weight loss 
could provide insight into understanding obesity (1).   
     Plasma ghrelin concentrations in obese humans are lower than those of normal weight 
individuals (1).  English and colleagues demonstrated that refeeding after fasting did not 
decrease the ghrelin concentrations in obese human patients (2).  In normal weight humans, 
fasting ghrelin concentrations decreased after feeding.  Salbe et al showed that ghrelin has a 
negative association with ad libitum feed intake (3).  Rats fed a high carbohydrate diet had 
higher plasma ghrelin than did rats fed a low carbohydrate diet (4).  Healthy non-obese 
women were fed a high fat or high carbohydrate meal and the greatest increase in plasma 
ghrelin were seen in subjects consuming the high carbohydrate meal (5).  In addition, hunger 
sensation of subjects fed the high carbohydrate diet was suppressed more than that of 
subjects fed the high fat diet.  Ghrelin concentration, however, increased with weight loss of 
humans when eating a low fat, high carbohydrate diet (6).  In the Weigle and colleagues 
study, high fat diets decrease adiposity without increasing appetite.  Most studies measure 
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total ghrelin and not the acylated form (7).  The few studies involving ghrelin and diet 
composition have conflicting results, leaving the relationship between ghrelin and diet 
composition unclear. 
     The overall objective of this research was to elucidate the relationship of diet composition 
and ghrelin concentration with respect to obesity.  To accomplish the overall objective, we 
compared the variation of ghrelin over 15 hr in lean and overweight men.  We compared the 
effects of two common diets, Atkins and American Heart Association (AHA), on ghrelin, 
other hormones associated with ghrelin, and blood metabolite concentrations.  We 
hypothesized that males with a greater propensity to obesity have greater ghrelin 
concentration in plasma over 15-hr period, which stimulates greater food intake to cause 
obesity.  Furthermore, we hypothesized that subjects consuming the Atkins diet will have 
lower plasma ghrelin concentrations than subjects consuming the AHA diet. 
MATERIAL AND METHODS 
Subjects 
     Approval for all screening and study procedures was obtained from the Iowa State 
University Institutional Review Board.  Approval for the use of dual-energy x-ray 
absorptiometry (DXA) was obtained from the State of Iowa Department of Public Health.  
Each subject was screened for BMI, eating disorders, and major health problems through an 
interview and physical examination.  Volunteers were excluded if they have or had an eating 
disorder or have a major health problem such as diabetes, heart conditions, and 
hypoglycemia.  After successful completion of the screening, eight male subjects were 
assigned randomly to treatment diets.   
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     Each subject received both treatment diets by a crossover design.  Subjects were given 
3,000 kcal/day based on average energy intake of males of that age group (8).  Two normal 
and two overweight subjects were assigned to the Atkins diet.  The Atkins diet contained 
10% of energy as carbohydrate, 45% of energy as protein, and 45% of energy as lipid.  The 
remaining two normal and two overweight subjects were assigned to the American Heart 
Association (AHA) diet that contained 63% of energy as carbohydrate, 12% of energy as 
protein, and 25% of energy as lipid.  Diets were formulated using Nutritionist Pro (version 
2.3; First DataBank, Inc.; San Bruno, CA) by a registered dietitian.  All diets were prepared 
and served by personnel at the Human Metabolic Unit at Iowa State Universityw.  Each diet 
was fed for 14 days with a repeating 7-day menu for each diet.  Meals were served between 
08:00-09:00, 12:00-13:00, and 17:00-18:00in the dining area of Human Metabolic Unit. 
     Three DXA scans were performed during the study per subject to monitor body 
composition.  The scans were on the Friday before the study began, day 14, and day 28 of the 
study.  Scans were performed at the ISU metabolic unit by trained personnel using a Hologic 
Delphi W dual-energy X-ray absorptometer (DXA) (Hologic Inc.; Bedford, MA). 
    A fasted blood serum sample was taken and a basic metabolic panel analysis was 
performed by Laboratory Corporation of America (LabCorp, Omaha, NE). 
 From day 12 at 22:00, subjects fasted until 8:00 on day 13 of each diet.  Subjects arrived at 
the ISU Human Metabolic unit at 06:30.  A 20 gauge peripheral intravenous catheter was 
placed in each subject.  At each blood timepoint, 1 ml of blood was taken from the catheter 
and then the blood sample for analysis was taken.  After the blood sample was taken, 3 mL of 
saline was administered to flush the catheter.   Blood samples were taken every hour for 14 
hours.   All blood was collected in 3 mL tubercline syringes and placed in EDTA-containing 
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vacutainer tubes (BD Scientific, Franklin Lakes, NJ) and kept at 4 °C during processing.  
Samples were centrifuged at 3000 x g for 20 min.  Plasma was collected and analyzed for 
adiponectin, ghrelin (acylated and total), glucagon, growth hormone, insulin, and leptin.   
Hormone Analysis 
  Adiponectin concentrations were measured by using a commercially available 
radioimmunoassay (Linco Research, St. Charles, MO).  The lower limit of detection was 1 
ng/mL, and the intra-assay coefficient of variation was < 10%.   
     Total ghrelin concentrations were measured by using a commercially available 
radioimmunoassay kit (Linco Research, St. Charles, MO).  The lower limit of detection was 
93 pg/mL, and the intra-assay coefficient of variation was < 10%.   
     For acylated ghrelin samples, 50 µL of 1 N hydrochloric acid and 10 µL of 10 mg/mL 
phenylmethylsulfonyl fluoride (PMSF, Sigma, St. Louis, MO) in methanol were added for 
every 1 mL of plasma immediately after centrifugation.  Acylated ghrelin concentrations 
were measured using a commercially available radioimmunoassay kit (Linco Research, St. 
Charles, MO).  This assay has been found to be highly specific for acylated ghrelin with less 
than 0.1 % cross-reactivity for desoctanoyl ghrelin and no cross reactivity with ghrelin 14-28, 
motilin-related peptide, leptin, insulin, glucagon, or GLP-1 (7-36).  The lower detection limit 
was 7.8 pg/mL.  The intra-assay coefficient of variation was < 10%.   
     For glucagon samples, 50 µL of aprotinin (5500 KIU/mL, Sigma, St. Louis, MO) were 
added to 1 mL of plasma with a final concentration of 550 KIU aprotinin per mL of plasma.  
All plasma samples were stored at -20 °C until assayed. Glucagon concentrations were 
measured by using a commercially available radioimmunoassay (Linco Research, St. 
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Charles, MO).  The lower limit of detection was 20 pg/mL, and the intra-assay coefficient of 
variation was < 10%.   
     Growth Hormone concentrations were measured by using a commercially available 
radioimmunoassay (Diagnostic Products Corporation (DPC), Los Angeles, CA).  The lower 
limit of detection was 0.9 ng/mL, and the intra-assay coefficient of variation was < 10%.      
      Insulin concentrations were measured by using a commercially available 
radioimmunoassay (Linco Research, St. Charles, MO).  The lower limit of detection was 0.2 
µU/mL (1.389 pmol/L), and the intra-assay coefficient of variation was < 10%.   
     Leptin concentrations were measured by using a commercially available 
radioimmunoassay (Linco Research, St. Charles, MO).  The lower limit of detection was 0.05 
ng/mL, and the intra-assay coefficient of variation was < 10%.   
Statistics 
     Hormone data were analyzed by using the MIXED procedure in SAS (Version 9.1, SAS 
Institute, Cary, NC).  All hormone data were analyzed as a split-plot with repeated measures 
ANOVA.  The hormone concentrations for before lunch were analyzed as well as the change 
score of before lunch concentrations subtracted from one hour after lunch concentrations.  
The model included fixed effects of diet, weight (weight class), timepoint, sequence, 
diet*weight, weight*sequence, sequence*timepoint, diet*weight*timepoint, and 
diet*weight*timepoint*sequence, while person(weight*sequence*period) was included in the 
model as the random effect.  Significance of the interaction terms is listed in Table 1.  No 
multiple comparison adjustments were made because this is an exploratory study.  For all 
tests, P < 0.05 was considered significant and P < 0.1 was considered a trend. 
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RESULTS 
Body Composition and Blood Metabolites  
     There were no significant changes in total body mass, total body fat percentage, trunk 
mass, and trunk fat percentage between the Atkins diet and AHA diet within a weight class.  
Blood urea nitrogen was higher in men consuming the Atkins diet in comparison to the AHA 
diet (P<0.0001).  Serum ALT concentrations were higher in men consuming the AHA diet in 
comparison to men consuming the Atkins diet (P = 0.0188).  Serum TAGs were higher in 
overweight men in comparison to normal weight men (P = 0.0493).  HDL cholesterol was 
higher in men consuming the Atkins diet in comparison to the AHA diet (P = 0.0214) and 
was higher in men consuming the AHA diet in comparison to the Atkins (P = 0.0169); 
however, there was only significant difference in the ratio of LDL/HDL by weight class 
(overweight < normal weight, P = 0.0045).  
Hormone Concentrations 
Ghrelin Active 
     Acylated ghrelin concentrations over waking hours in overweight and normal weight men 
(individual data presented) are shown in Figure 1. 
Timepoint Comparisons 
     Normal weight men consuming the Atkins diet had higher acylated ghrelin concentrations 
at after breakfast (hour 1, P = 0.0371) and tended to be higher fasting (P = 0.0538), after 
lunch (hour 5, P = 0.0583), and after dinner (hour 12, P = 0.0736) in comparison with 
acylated ghrelin concentrations in overweight men consuming the Atkins diet when the 
Atkins diet was given before the AHA diet.  There were no significant differences in acylated 
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ghrelin concentrations between overweight and normal weight men consuming the Atkins 
diet when the AHA diet was administered Atkins diet.  Normal weight men had higher 
acylated ghrelin concentrations at fasting (P = 0.0205), after breakfast (hour 1, P = 0,019), 
before lunch (hour 4, P = 0.0308), after lunch (hour 5, P = 0.0067) and before dinner (hour 
10, P = 0.0443) when the AHA diet was given before the Atkins diet in comparison to when 
the Atkins diet was administered before the AHA diet.   
    There was no difference in acylated ghrelin concentrations between overweight and 
normal weight men fed the AHA diet when the AHA diet was given before the Atkins diet.  
Overweight men had lower acylated ghrelin concentrations after lunch (hour 7, P = 0.0176) 
and higher acylated ghrelin concentrations before dinner (hour 9-10, P  0.0006) in 
comparison to normal weight men consuming the AHA diet when the Atkins diet was given 
before the AHA diet.  Overweight men consuming the AHA diet had lower acylated ghrelin 
concentrations before dinner (hours 8-10, P  0.0397) when the AHA diet was given before 
the Atkins diet in comparison to when the Atkins diet was given before the AHA diet.  
Normal weight men consuming the AHA diet had lower acylated ghrelin concentrations 
between lunch and dinner (hours 7-8, P  0.026) when the AHA diet was administered before 
the Atkins diet in comparison to when the Atkins diet was administered before the AHA diet.   
Atkins to AHA Comparisons 
     Normal weight men consuming the Atkins diet tended to have higher acylated ghrelin 
concentrations before dinner (hour 10, P = 0.0676) and after dinner (hour 13-14, P  0.0682) 
in comparison to normal weight men consuming the AHA diet when the AHA diet was given 
before the Atkins diet.  When the Atkins diet was administered before the AHA diet, normal 
weight men consuming the Atkins diet had higher acylated ghrelin concentrations at fasting, 
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after breakfast (hours 1-2, P  0.0152), before and after lunch (hours 4-5, P  0.0247) and 
after dinner (hour 12, P = 0.014) but had lower acylated ghrelin concentrations before dinner 
(hours 7-8, P  0.0105) in comparison to normal weight men consuming the AHA diet when 
the Atkins diet was given before the AHA diet.  When the AHA diet was given before the 
Atkins diet, overweight men consuming the Atkins diet had higher acylated ghrelin 
concentrations after dinner (hour 12, P = 0.0243) in comparison to overweight men 
consuming the AHA diet.  When the Atkins diet was administered before the AHA diet, 
overweight men consuming the Atkins diet had lower acylated ghrelin concentrations before 
dinner (hours 8-10, P  0.0039) than did overweight men consuming the AHA diet. 
Total Ghrelin 
     Total ghrelin concentrations over waking hours in overweight and normal weight men 
(individual data presented) are shown in Figure 2. 
Timepoint Comparisons 
     There were no significant differences in total ghrelin concentrations between overweight 
and normal weight men consuming the Atkins diet in either sequence.  Overweight men 
consuming the Atkins diet had higher total ghrelin concentrations at fasting (P = 0.0081) 
when the Atkins diet was given before the AHA diet in comparison to when the AHA diet 
was given before the Atkins diet.  Normal weight men consuming the Atkins diet had higher 
total ghrelin concentrations at fasting (P = 0.0019) and after breakfast (hour 1, P = 0.0186) 
when the Atkins diet was given before the AHA diet in comparison to when the AHA diet 
was given before the Atkins diet.   
     Overweight men consuming the consuming the AHA diet tended to have higher total 
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ghrelin concentrations before dinner (hour 8, P = 0.0528) than did normal weight men 
consuming the AHA diet when the AHA diet was fed before the Atkins diet.  When the 
Atkins diet was fed before the AHA diet, overweight men consuming the AHA diet tended to 
have higher total ghrelin after breakfast (hour 1, P = 0.0531) in comparison to normal weight 
men consuming the AHA diet.  There were no significant differences in total ghrelin 
concentrations when the Atkins diet was fed before the AHA diet and when the AHA diet was 
fed before the Atkins diet in overweight men consuming the AHA diet.  Normal weight men 
consuming the AHA diet had higher total ghrelin concentrations before dinner (hour 9, P = 
0.0733) when the Atkins diet was administered before the AHA diet in comparison to when 
the AHA diet was administered before the Atkins diet. 
Atkins to AHA Comparisons 
     Normal weight men consuming the Atkins diet had higher total ghrelin concentrations 
before and after lunch (hour 4-5, P  0.0083) and tended to have lower total ghrelin 
concentrations before dinner (hour 10, P = 0.0577) in comparison to normal weight men 
consuming the AHA diet when the AHA diet was given before the Atkins diet.  When the 
Atkins diet was administered before the AHA diet, normal weight men consuming the Atkins 
diet had higher total ghrelin concentrations at fasting, after breakfast (hour 1), and before 
lunch (hours 3, 4) and lower total ghrelin before dinner (hours 7-9) in comparison to normal 
weight men consuming the AHA diet (P  0.0167).   
    Overweight men consuming the Atkins diet had lower total ghrelin concentrations at 
fasting (P = 0.0442) and tended to have lower total ghrelin concentrations at hour 8 (P = 
0.0802) in comparison to overweight men consuming the AHA diet when the AHA diet was 
administered before the Atkins diet.  When the Atkins diet was administered before the AHA 
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diet, overweight men consuming the Atkins diet had higher total ghrelin at fasting (P = 
0.0002) and hour 3 (P = 0.0355) and had lower total ghrelin concentrations before dinner 
(hour 9, P = 0.0067) in comparison to overweight men consuming the AHA diet. 
Insulin 
     Insulin concentrations over waking hours in overweight and normal weight men 
(individual data presented) are shown in Figure 3. 
Timepoint Comparisons 
     Overweight men consuming the Atkins diet had lower insulin after breakfast (hour 1, P = 
0.0279) in comparison to normal weight men consuming the Atkins diet when the AHA diet 
was given before the Atkins diet.  When the Atkins diet was administered before the AHA 
diet, overweight men consuming the Atkins diet had higher insulin concentrations before 
dinner (hour 10, P = 0.0401) in comparison to normal weight men consuming the Atkins diet.  
Overweight men consuming the Atkins diet had higher insulin concentrations before and 
after dinner (hours 10-14, P  0.0014) when the Atkins diet was administered before the AHA 
diet in comparison to when the AHA diet was administered before the Atkins diet.  Normal 
weight men consuming the Atkins diet had lower insulin concentrations after breakfast (hour 
1, P = 0.0317) and higher insulin concentrations before and after dinner (hours 10-14, P 
0.0209) when the Atkins diet was given before the AHA diet in comparison to when the 
Atkins diet was given before the AHA diet.   
    Overweight men consuming the AHA diet had lower insulin concentrations at hour 13 (P = 
0.0106) in comparison to normal weight men consuming the AHA diet when the AHA diet 
was given before the Atkins diet.  When the Atkins diet was given before the AHA diet, 
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overweight men had higher insulin concentrations at fasting (P = 0.0148) and tended to have 
higher insulin concentrations after breakfast (hour 2, P = 0.0528) in comparison to normal 
weight me consuming the AHA diet.   
     Overweight men consuming the AHA diet had higher insulin concentrations at fasting (P 
= 0.0158), after lunch (hour 5, P = 0.0428) and tended to have higher insulin concentrations 
after breakfast (hour 1 and 4, P  0.078)  when the Atkins diet was administered before the 
AHA diet in comparison to when the AHA diet was administered before the Atkins diet, 
however, insulin concentrations were lower after dinner (hours 11-14, P  0.0095) when the 
Atkins diet was given before the AHA diet in comparison to when the AHA diet was given 
before the Atkins diet in overweight men consuming the AHA diet.  Normal weight men 
consuming the AHA diet had higher insulin concentrations after breakfast (hour 1, P = 
0.0096) when the Atkins diet was administered before the AHA diet in comparison to when 
the AHA diet was administered before the Atkins diet, however, insulin concentrations were 
lower after dinner (hours 10-14, P  0.0004) when the Atkins diet was given before the AHA 
diet in comparison to when the AHA diet was given before the Atkins diet in overweight men 
consuming the AHA diet.  
Atkins to AHA Comparisons 
    When the AHA diet was administered before the Atkins diet, normal weight men 
consuming the Atkins diet had lower insulin concentrations in comparison to normal weight 
men at hour 3 (P = 0.0134) and after dinner (hours 11-14, P < 0.0001).  Normal weight men 
consuming the Atkins diet had lower insulin concentrations after breakfast to after lunch 
(hours 1-5, P  0.0441), before dinner (hour 10, P = 0.002), and tended to be lower after 
dinner (hour 12, P = 0.0641) in comparison to normal weight men consuming the AHA diet 
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when the Atkins diet was given before the AHA diet.  Overweight men consuming the Aktins 
diet had lower insulin concentrations after breakfast (hours 2-3, P  0.0316) and after dinner 
(hours 11-14, P < 0.0001) in comparison to overweight men consuming the AHA diet when 
the AHA diet was given before the Atkins diet.  When the Atkins diet was given before the 
AHA diet, overweight men consuming the Atkins diet had lower insulin concentrations at 
fasting (P = 0.017), after breakfast (hours 1-3, P  0.0193), before lunch (hour 4, P = 0.0347), 
after lunch (hour 5, P = 0.0033), and before dinner (hour 10, P < 0.0001) in comparison to 
overweight men consuming the AHA diet.  
Glucagon 
     Glucagon concentrations over waking hours in overweight and normal weight men 
(individual data presented) are shown in Figure 4.  There were no sequences effects in 
overweight and normal weight men consuming either the Atkins or AHA diets in glucagon 
concentrations.  Glucagon concentrations were higher hours 7-14 (P  0.0473) in overweight 
men and hours 6-12 (P  0.0003) and hour 14 (P < 0.0001) in normal weight men consuming 
the Atkins diet in comparison to fasting concentrations.  Overweight men consuming the 
Atkins diet had higher glucagon concentrations at hours 7 (P = 0.0003) and 13 (P = 0.0124) 
in comparison to normal weight men consuming the Atkins diet.   
    Normal weight men consuming the Atkins diet had higher glucagon concentrations after 
breakfast (hour 2, P = 0.0031) and after lunch through after dinner (hours 6-14, P  0.0019) 
in comparison to normal weight men consuming the AHA diet.  Overweight men consuming 
the Atkins diet had higher glucagon concentrations at all timepoints in comparison to 
overweight men consuming the AHA diet.   
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Leptin 
     Leptin concentrations over waking hours in overweight and normal weight men 
(individual data presented) are shown in Figure 5. 
Timepoint Comparisons 
    There were no significant differences in leptin concentrations between overweight and 
normal weight men consuming the Atkins diet when the AHA diet was given before the 
Atkins diet.  When the Atkins diet was given before the AHA diet, overweight men 
consuming the Atkins diet had higher leptin at fasting (P = 0.0191), after breakfast (hour 1, P 
= 0.036) and tended to have higher leptin concentration before lunch (hours 2-4, P  0.0967) 
and at hour 8 (P= 0.0987) in comparison to normal weight men consuming the Atkins diet.  
Overweight men consuming the Atkins diet had higher leptin at fasting (P = 0.0152) when 
the Atkins diet was given before the AHA diet in comparison to when the AHA diet was 
given before the Atkins.  Overweight men consuming the AHA diet had higher leptin 
concentrations before dinner (hours 7-9, P  0.0640) and lower leptin concentrations at hour 
13 (P = 0.696) in comparison to normal weight women consuming the AHA diet when the 
AHA diet was given before the Atkins diet.  Leptin concentrations tended to be higher in 
overweight men consuming the AHA diet when the Atkins diet was given before the AHA 
diet before lunch (hour 3, P = 0.0962), after lunch (hour 6, P = 0.0965), before dinner (hour 8 
and 10, P  0.0888) and after dinner (hours 13-14, P  0.0806).  Overweight men consuming 
the AHA diet had higher leptin concentrations after dinner (hours 11, 13-14, P  0.0669) 
when the Atkins diet was given before the AHA diet in comparison to when the AHA diet 
was given before the Atkins diet.  Normal weight men tended to have lower leptin 
concentrations at hour 13 (P = 0.0806) when the AHA diet was given before the Atkins diet 
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in comparison to when the Atkins diet was given before the AHA diet.   
Atkins to AHA Comparisons 
    Normal weight men consuming the AHA diet had higher leptin concentrations at hour 13 
(P = 0.0001) in comparison to normal weight men consuming the Atkins diet when the AHA 
diet was administered before the Atkins diet.  Normal weight men consuming the Atkins diet 
had lower leptin before dinner (hour 9, P = 0.0894) in comparison to normal weight men 
consuming the AHA diet when the Atkins diet was given before the Atkins diet.  Overweight 
men consuming the Atkins diet had lower leptin at fasting (P = 0.0004), before lunch (hour 4, 
P = 0.0264), after lunch (hour 5, P = 0.0083), and before dinner (hours 7-9, P  0.0008) in 
comparison to overweight men consuming the AHA diet when the AHA diet was given 
before the Atkins, however, leptin concentrations were lower at hour 14 (P = 0.0481) in 
overweight men consuming the Atkins diet in comparison to the AHA diet when the AHA 
diet was given before the Atkins diet.  When the Atkins diet was given before the AHA diet, 
fasting leptin concentrations were higher in overweight men consuming the Atkins diet in 
comparison to the AHA diet, whereas leptin concentrations were lower in overweight men 
consuming the Atkins diet in comparison to the AHA diet before and after dinner (hours 10-
13, P  0.0009) and tended to be lower at hour 14 (P = 0.0598).   
Adiponectin 
     Adiponectin concentrations over waking hours in overweight and normal weight men 
(individual data presented) are shown in Figure 6. 
Timepoint Comparisons 
     There were no significant differences between overweight and normal weight men 
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consuming the Atkins diet when the AHA diet was administered before the Atkins diet.  
When the Atkins diet was administered before the AHA diet, overweight men consuming the 
Atkins diet had lower adiponectin concentrations after breakfast (hour 2, P = 0.0005), before 
lunch (hour 3, P = 0.0003) and after lunch (hour 5, P = 0.0135) in comparison to normal 
weight men consuming the Atkins diet.  There were no significant differences in timepoints 
between the sequences in overweight men consuming the Atkins diet.  Normal weight men 
consuming the Atkins diet had lower adiponectin concentrations after breakfast (hours 1-2, P 
 0.0463), before lunch (hour 3, P < 0.0001), and after lunch (hour 5, P = 0.0268) when the 
AHA diet was given before the Atkins diet in comparison to when the Atkins diet was given 
before the AHA diet.   
     Overweight men consuming the AHA diet had lower adiponectin concentrations at hour 
12 (P = 0.0152) in comparison to normal weight men consuming the AHA diet when the 
AHA diet was given before the Atkins diet.  There were no significant differences in 
timepoints between normal weight and overweight men consuming the AHA diet when the 
Atkins diet was given before the AHA diet.  Overweight men consuming the AHA diet had 
higher adiponectin concentrations after breakfast (hours 2-3, P  0.0323) and tended to have 
higher adiponectin concentrations before and after breakfast (hours 0-1, P 0.0797) when the 
AHA diet was administered before the Atkins diet and when the AHA diet was administered 
before the Atkins diet.  Normal weight men consuming the AHA diet had higher adiponectin 
concentrations after dinner (hour 12, P = 0.0023) when the AHA diet was administered 
before the Atkins diet in comparison to when the Atkins diet was administered before the 
AHA diet.   
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Atkins to AHA Comparisons 
     When the AHA diet was administered before the Atkins diet, normal weight men 
consuming the Atkins diet had lower adiponectin concentrations after breakfast (hours 1-2, P 
 0.0228), after dinner (hours 10, 12, and 14, P  0.0052), and tended to have lower 
adiponectin concentrations after dinner (hours 11, P = 0.0588) in comparison to men 
consuming the AHA diet.  Normal weight men consuming the Atkins diet had higher 
adiponectin concentrations after breakfast (hours 2-3, P < 0.0001) and after lunch (hour 5, P 
= 0.0036) in comparison to normal weight men consuming the AHA diet when the Atkins 
diet was administered before the AHA diet.  Overweight men consuming the Atkins diet had 
lower adiponectin concentrations at fasting (P = 0.0062), after breakfast (hours 1-3, P 
0.0032), before dinner (hours 7-8, P  0.0867) and after dinner (hour 13, P = 0.0371) in 
comparison to overweight men consuming the AHA diet when the AHA diet was 
administered before the Atkins diet.  There was no difference between diets in overweight 
men when the Atkins diet was administered before the AHA diet.   
Growth Hormone 
     Growth Hormone concentrations over waking hours in overweight and normal weight 
men (individual data presented) are shown in Figure 7. 
Timepoint Comparisons 
     Overweight men consuming the Atkins diet had higher GH concentrations at hour 3 (P = 
0.003) and before dinner (hour 9, P = 0.0092) in comparison to normal weight men 
consuming the Atkins diet when the AHA diet was administered before the Atkins diet.  
When the Atkins diet was given before the AHA diet, overweight men had lower GH 
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concentrations after lunch (hour 6, P = 0.0477) in comparison to normal weight men 
consuming the Atkins diet.  Overweight men consuming the Atkins diet had higher GH 
concentrations before and after dinner (hours 7-`12, P < 0.0001) when the AHA diet was 
given before the Atkins diet in comparison to when the Atkins diet was given before the AHA 
diet.  Normal weight men consuming the Atkins diet had higher GH concentrations at hour 3 
(P = 0.009) and before and after dinner (hours 7-12, P  0.0114) and lower GH 
concentrations after lunch (hour 6, P = 0.0360) when the AHA diet was given before the 
Atkins diet in comparison to when the Atkins diet was given before the AHA diet.   
    When the AHA diet was given before the Aktins diet, there was no difference in GH 
concentrations between normal weight and overweight men consuming the AHA diet.  When 
the Atkins diet was given before the AHA diet, normal weight men consuming the AHA diet 
had higher GH concentrations before dinner (hours 8-9, P  0.0004) in comparison to 
overweight men consuming the AHA diet.  Overweight men consuming the AHA diet had 
higher GH concentrations before and after dinner (hours 7-12, P  0.0049) when the Atkins 
diet was given before the AHA diet in comparison to when the AHA diet was given before 
the Atkins diet.  Normal weight men consuming the AHA diet had higher GH concentrations 
before and after dinner (hours 8-12, P < 0.0001) when the Atkins diet was given before the 
AHA diet in comparison to when the AHA diet was given before the Atkins diet. 
Atkins to AHA Comparisons 
Normal weight men consuming the Atkins diet had higher GH concentrations at hour 3 (P = 
0.0054), before, and after dinner (hours 7-12, P  0.0447) in comparisons to normal weight 
men consuming the AHA diet when the AHA diet was given before the Atkins diet.  Normal 
weight men consuming the Atkins diet had higher GH concentrations after lunch (hour 6, P = 
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0.0317) and lower GH concentrations before and after dinner (hours 7-12, P < 0.0001) in 
comparison to normal weight men consuming the AHA diet when the Atkins diet was 
administered before the AHA diet.  Overweight men consuming the Atkins diet had higher 
GH concentrations before and after dinner (hours 7-12, P  0.0198) in comparison to 
overweight men consuming the AHA diet when the AHA diet was administered before the 
Atkins diet.  Overweight men consuming the AHA diet had higher GH concentrations before 
and after dinner (hours 7-12, P < 0.0001) in comparison to overweight men consuming the 
Atkins diet when the Atkins diet was administered before the AHA diet. 
DISCUSSION 
      There was an effect of sequence (period*diet) in all hormones with the exception of 
glucagon.  In this exploratory study, we did not have an adjustment period before period 1 
and food logs were not taken before the start of the study.  Concentrations of circulating 
hormones adjust quickly to changes in diet, however, it is not know how long humans take to 
adjust to a rigid meal schedule and set amount of calories per day when coming from varied 
diet and prior habits.  We demonstrated that there confounding factors that play into 
differences in hormone concentrations.  These confounding factors may explain the 
discrepancy in results related to studies of single macronutrient effects on hormone 
concentrations.  
     Men consuming a high protein breakfast had greater decrease in total ghrelin 
concentrations at three and four hours post lunch in comparison to men consuming a high 
carbohydrate breakfast; however, there was no change observed in acylated ghrelin 
concentrations in men between the high carbohydrate and the high protein breakfast (14).  In 
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our study with women, there were no significant increases in acylated ghrelin concentrations 
before meals and a however, in our study with men, there is a dramatic increase in acylated 
ghrelin concentrations before dinner in normal weight and overweight men consuming the 
AHA diet when the Atkins diet was given before the AHA diet (Chapter II Part II).  The 
consumption of the Atkins diet before the AHA diet may have altered the response of the 
body to the AHA diet in period 2.  Another study indicated that acylated ghrelin 
concentrations were lower in normal weight women consuming a high protein breakfast in 
comparison to a normal protein breakfast (15).  However, no difference in ghrelin 
concentrations was observed in women consuming normal and high casein diets or in men 
and women consuming normal and high soy protein diets (16, 17).  Most of the high protein 
diets studied contained moderate protein increases with a moderate decrease in carbohydrate 
(15-18).  Our Atkins diet had 45% of calories from protein and 10 % of calories from 
carbohydrate, which would be considered low carbohydrate/high protein.  The protein source 
and food matrix may be influencing the differences in studies. 
      Total ghrelin concentrations increased in men consuming the AHA diet in period 2 and 
the peak is at the same time as the increase in acylated ghrelin concentrations.  Overweight 
men consuming the Atkins diet when the AHA diet was given before the Atkins diet had an 
increase in total ghrelin concentrations after breakfast in comparison to when the AHA diet 
was consumed.  Most studies done on total ghrelin have measured the effect of a breakfast 
meal or lunch meal on total ghrelin concentrations over a 3-4 hour period (14, 18).  Studies 
have shown the total ghrelin concentrations were lower in subjects consuming a high protein 
meal 3-4 hours post meal in comparison to subjects consuming a high carbohydrate meal 
(19).  Total ghrelin finding of this study may differ from previous studies for several reasons.  
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First, the sequence in which the diets were given may be affecting total ghrelin 
concentrations.  Second, the high protein diet in our study is also low carbohydrate whereas 
in other studies, the carbohydrate content is a more moderate percent calories from 
carbohydrate than in our study (14, 18).  Lastly, we studied specific weight classes in this 
study with each group having a tight BMI range in comparison to the broad range of BMIs 
used in previous studies (14, 16-18).   
     Increased glucagon concentrations in men consuming the Atkins diet may be a result of 
lower blood glucose concentrations caused by the low carbohydrate content of the Atkins 
diet.  Glucagon maintains acute blood glucose concentrations therefore, we hypothesize that 
the lack of an increase in glucagon concentrations in the fasted state may be the result of the 
switch from immediate regulation of blood glucose by glucagon to short term fasting 
regulation of blood glucose by epinephrine and the increase in glucagon later in the day is a 
result of the low carbohydrate content of the diet (20-22).  The increased glucagon 
concentrations were higher in overweight men at hours 8 and 14 in comparison to normal 
weight men consuming the Atkins diet.  Unlike our previous study with women, sequence did 
not affect the response of glucagon concentrations to diet and weight. 
     Insulin concentrations in response the macronutrient content of diet reacted similarly to 
previous studies (23).  Overall, overweight and normal weight men consuming the Atkins 
diet had lower insulin concentrations in comparison to overweight and normal weight men 
consuming the AHA diet.  There were differences in the response of insulin to the diet in the 
different sequences and weight classes around meals.  Insulin concentrations have been 
shown to be lower when a high protein diet was consumed versus a high carbohydrate diet 
(24).  Normal weight and overweight men responded differently to the AHA or Atkins diet 
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when the sequence in which the diets were administered was different.  Our data suggests 
that overweight men and normal weight men should be studied separately when looking at 
the response of insulin to dietary manipulations and prior dietary habits may influence the 
response of insulin to diet treatments.   
    Leptin concentrations in response to the macronutrient content of the diet were similar to 
previous research (23).  However, overweight men in period 1 had a decrease in leptin 
concentrations from hours 10-14 which is not what has been previously reported (23, 25).  
Overall, leptin concentrations remained relatively stable over the 14-hour period, which 
agrees with the previous findings of the 24-hour pattern of leptin concentrations.  One of 
these studies showed that leptin concentrations peak at 02:00 and remains stable over waking 
hours when humans were fed a high fat/low carbohydrate or a high carbohydrate/low fat diet 
(25).  Another study had leptin patterns in agreement with those of this study as leptin 
concentrations begin a gradual rise at 18:00 (23).  For detection of changes of leptin in 
response to a diet, a 24-hour curve is the best measure of changes in leptin over time.  
However, measuring leptin concentrations at fasting gives an accurate representation of the 
leptin concentrations during waking hours (07:00-22:00) women and normal weight men, but 
does not accurately represent leptin concentrations over the day in overweight men in our 
study. 
     Adiponectin concentrations were lower in overweight men in comparison to normal 
weight men consuming the Atkins diet in period 1.  Adiponectin concentrations are lower in 
obese subjects than in normal weight counterparts (9).  Our data in overweight men in period 
1 consuming the Atkins diet might suggest that overweight men consuming the Atkins diet 
would have adiponectin responses more similar to obese men than normal weight men would 
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(9).  However, there was no difference in between overweight men and normal weight men 
consuming the Atkins diet in period 2 and no difference in adiponectin concentrations 
between overweight and normal weight men consuming the AHA diet in either period.  
Adiponectin concentrations responded differently in overweight and normal weight women 
consuming the AHA or Atkins diets in each sequence, which is different from the findings of 
our study in men (Chapter II Part II).   
     Some studies have shown that there is no effect of diet on adiponectin and that 
adiponectin has small changes in concentration from the fasted to postprandial states,    
however, in our study, adiponectin concentrations are influenced by diet, weight, timepoint, 
and sequence (10-12).  There was a sequence and diet effect for normal weight men 
consuming the AHA in period 1, normal weight men consuming the Aktins in period 1 and 
overweight men consuming the AHA in period 1.  Adiponectin concentrations were higher in 
all three of these groups in period 1 in comparison to period 2 after breakfast.          
     Growth hormone concentrations increased in normal weight women at the same time or 
after adiponectin concentrations appeared to be higher, but this relationship was not apparent 
in men (Chapter II Part II).  The increase in GH concentrations observed in the men may be a 
result of GH stimulated FFA release from adipose tissue for use as energy (13).  It is unclear 
why there is an increase in GH concentrations from hours 7-13 in all men in period 2.  
Further study into the possible relationship of GH and adiponectin between males and 
females is needed to understand fully the role of GH on glucose and fatty acid metabolism.         
       Universal dietary guidelines for men without taking into account different weight classes 
may not achieve optimal health.  In addition, this study indicates that the order in which the 
diets are administered affects hormone concentrations in the blood.  Overweight men do not 
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respond the same as normal weight men.  Experimental design is critical in obtaining 
information on the relationship of hormones related to energy metabolism and body 
composition. 
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Table 1: Characteristics of Male Participants
1
 Age (yr) BMI Total Mass (kg) Body Fat (%) 
Normal Weight 21.25 ± 1.71 21.3 ± 1.7 62.2 ± 7.1 12.9 ± 1.6 
Overweight 21.25 ± 1.26 27.9 ± 1.8 84.8 ± 9.6 25.1 ± 6.3 
1
Values are means ± std. dev. 
a,b Means with different superscripts are different.  
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Table 2: Significance of the Terms in the Model
1
Term Adiponectin AG TG GH Glucagon Insulin Leptin 
Diet 0.025 0.0103 0.28 0.002 <0.0001 <0.0001 <0.0001
Weight (wt) 0.25 0.51 0.53 0.035 0.19 0.19 0.13 
Timepoint (tp) <0.0001 0.003 <0.0001 <0.0001 <0.0001 <0.0001 0.011 
Sequence (seq) 0.88 0.14 0.98 0.055 0.97 0.55 0.8264 
Diet*wt 0.16 0.0061 0.049 0.039 0.0203 0.86 0.019 
Wt*seq 0.48 0.93 0.54 0.066 0.69 0.042 0.68 
Tp*seq 0.16 0.104 0.082 <0.0001 0.059 0.048 0.68 
Diet*wt*tp 0.18 0.0021 0.001 <0.0001 <0.0001 <0.0001 0.101 
Diet*wt*seq*tp <0.0001 0.0402 0.0023 <0.0001 0.23 <0.0001 <0.0001
1
P < 0.05 was considered significant and 0.05 > P < 0.1 was considered a trend. AG = Acylated ghrelin, TG = 
Total ghrelin, GH = growth hormone.
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Table 3: Metabolic Panel1
Measurement Overweight 
Atkins 
Normal 
Weight 
Atkins 
Overweight 
AHA 
Normal 
Weight 
AHA 
Period 1     
Glucose (mg/dL) 73.5 ± 9.2 71.0 ± 19.8 85.5 ± 7.8 84.0 ± 0.0
Blood Urea Nitrogen (mg/dL)

32.5 ± 2.1 33.0 ± 1.4 12.0 ± 0.0 12.0 ± 2.8
AST (IU/mL) 22.5 ± 7.8 25.0 ± 4.2 24.5 ± 2.1 22.0 ± 4.2
ALT (IU/mL)

25.5 ± 7.8 15.5 ± 0.7 37.5 ± 19.1 18.5 ± 0.7
Total Cholesterol (mg/dL) 173.5 ± 33.2 172.5 ± 34.6 162.0 ± 11.3 152.5 ± 14.8
Triacylglycerols (mg/dL)

92.0 ± 2.8 61.5 ± 16.3 127.0 ± 58.0 120.0 ± 46.7
HDL Cholesterol (mg/dL)
,
43.0 ± 1.4 63.0 ± 7.1 39.0 ± 1.4 44.0 ± 1.4
LDL Cholesterol (mg/dL) 112.0 ± 31.1 97.0 ± 24.0 97.5 ± 2.1 84.5 ± 3.5
LDL/HDL ratio

2.59 ± 0.64 1.53 ± 0.21 2.50 ± 0.15 1.92 ± 0.02
Period 2     
Glucose (mg/dL) 79.0 ± 12.7 85.0 ± 8.5 73.0 ± 14.1 85.5 ± 2.1
Blood Urea Nitrogen (mg/dL) 29.0 ± 2.8 31.0 ± 5.7 12.0 ± 1.4 14.5 ± 0.7
AST (IU/mL) 22.5 ± 3.5 22.5 ± 3.5 29.0 ± 12.7 21.5 ± 2.1
ALT (IU/mL) 32.0 ± 17.0 18.0 ± 4.2 39.0 ± 14.1 18.5 ± 0.7
Total Cholesterol (mg/dL) 186.0 ± 0.0 201.5 ± 48.8 154.5 ± 2.1 141.5 ± 34.6
Triacylglycerols (mg/dL)

144.0 ± 53.7 78.5 ± 24.7 146.0 ± 26.9 84.0 ± 19.8
HDL Cholesterol (mg/dL)
,
42.0 ± 4.2 61.5 ± 7.8 35.0 ± 0.0 58.0 ± 15.6
LDL Cholesterol (mg/dL)

115.5 ± 6.4 124.5 ± 46.0 90.5 ± 3.5 66.5 ± 14.8
LDL/HDL ratio

2.76 ± 0.13 1.99 ± 0.50 2.59 ± 0.10 1.15 ± 0.05
1
Values are means ± std. dev. 

 indicates difference between diets only with no effect of period or weight. 

 indicates difference between weights only with no effect of period or diet. 
,
 indicates the difference in the main effects of weight and diet separately with no effect of period.
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Table 4: Body Composition 
Trunk Mass 
(kg) 
Trunk Fat 
(%) 
Total Mass 
(kg) 
Total Fat 
(%) 
Period 1     
Overweight Atkins 37.8 ± 2.3 24.5 ± 3.8 82.8 ± 5.2 23.4 ± 4.4 
Normal Weight Atkins 29.9 ± 5.0 11.9 ± 1.1 64.2 ± 9.0 11.8 ± 0.1 
Overweight AHA 45.6 ± 5.5 29.0 ± 6.5 93.9 ± 12.0 26.3 ± 7.6 
Normal Weight AHA 31.9 ± 2.9 13.7 ± 0.7 69.8 ± 7.1 13.8 ± 0.4 
Period 2     
Overweight Atkins 45.2 ± 6.3 27.5 ± 7.3 92.8 ± 12.8 25.4 ± 7.9 
Normal Weight Atkins 31.4 ± 1.5 12.6 ± 0.8 69.8 ± 6.1 13.6 ± 0.5 
Overweight AHA 38.2 ± 2.1 23.4 ± 5.1 83.1 ± 5.3 23.2 ± 4.7 
Normal Weight AHA 29.4 ± 4.4 11.1 ± 1.1 63.7 ± 8.3 11.9 ± 0.4 
1
Values are means ± std. dev. 
a,b Means with different superscripts are different.  Significant difference are between overweight and normal 
weight men in trunk mass, trunk fat, total mass and total fat.  There was no difference between diets or 
sequence.
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ABSTRACT 
     Investigating effects of different planes of nutrition on appetite-related hormones could 
provide knowledge into the role of these hormones on growth, malnutrition, and obesity in 
early life.  The objective of the current study was to investigate the effects of feeding rates on 
ghrelin and other metabolic hormones in plasma from preruminant calves.  Treatments (n = 8 
per treatment) were designed to achieve three targeted daily rates of gain (No Growth = 0.0 
kg, Low Growth = 0.55 kg, or High Growth = 1.2 kg) in live weight over a 7-wk period.  All 
calves were fed a 30% crude protein, 20% fat, all-milk protein milk replacer reconstituted to 
14% dry matter.  Fasting acylated ghrelin concentrations were greater (P < 0.0001) in no-
growth calves over the 7-wk period in comparison to low- and high-growth calves.  High-
growth calves had greater plasma glucagon after wk 4 than did no- and low-growth calves (P 
= 0.0229).  High-growth calves had greater plasma insulin concentrations in comparison to 
no- and low-growth calves at all time points after wk 0 (P < 0.0001).  Plasma insulin 
concentrations in high-growth calves were significantly greater than baseline over the 7-wk 
period (P < 0.0001).  These results indicate an inverse relationship of acylated ghrelin 
concentration with respect to plane of nutrition and growth rate in bovine neonates.  In 
addition, results suggest that in the growing neonate positive energy balance may be 
sufficient to decrease active ghrelin concentrations, suggesting the potential existence of an 
energy status threshold regulating acylated ghrelin concentration.   
Keywords: ghrelin, nutrition, preruminant calves, caloric intake, neonate 
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INTRODUCTION 
     Ghrelin is a 28 amino acid peptide hormone that is synthesized primarily in the X/A-like 
endocrine cells in the fundus region of the stomach of mammals (1, 2).  In ruminants, ghrelin 
is produced predominantly in the abomasum (3).  The location of ghrelin production lends 
well to the sensing of nutrient intake and the regulation of energy balance (4). 
     Ghrelin can be classified into two major circulating forms, n-octanoyl ghrelin and des-
acyl ghrelin.  Both acylated and des-acyl ghrelin have roles in energy homeostasis (5, 6).  
Acylation of ghrelin is necessary for the orexigenic and growth hormone stimulation 
activities.   
     Plasma ghrelin concentrations are influenced by energy balance, time of feeding, and 
disease states in both domestic animals and humans (7).  In humans, plasma ghrelin 
concentrations in obese individuals are lower in comparison to ghrelin concentrations in 
normal weight individuals (8).  In 2004, Salbe and colleagues demonstrated a negative 
association between plasma ghrelin and ad libitum feed intake (9).  As nutrients are 
restricted, ghrelin concentrations increase in cattle, which demonstrate the inverse 
relationship of ghrelin concentrations and energy balance (10-12).   
            The objective of the current study was to investigate the effects of three different 
feeding rates, resulting in three targeted growth rates, on total and acylated ghrelin, as well as 
on insulin and glucagon concentrations in plasma.  The calf model provides a unique 
opportunity to investigate tightly-controlled nutrient status on metabolism and appetite 
regulation in neonates.  Our results suggest that a high plane of nutrition increases 
dramatically plasma insulin concentrations, whereas protein-energy malnutrition over an 
extended period of time increases plasma ghrelin concentrations.   
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MATERIALS AND METHODS 
Animals.  Animal procedures were approved by the Animal Care and Use Committee of the 
National Animal Disease Center Ames, IA.  As described previously in a companion 
publication (13), 24 Holstein male calves were acquired from a single Wisconsin dairy herd 
over a 2-wk period.  All were given 3.9 L of colostrum within 6 h of birth.  At birth, navels 
were dipped in iodine and an Escherichia coli vaccine (Genecol-99; Schering Plough Animal 
Health, Union, NJ) was administered orally.  Calves were transported to the National Animal 
Disease Center where they were housed individually in elevated pens (152.4 cm long × 91.44 
cm wide × 91.44 cm high) in a temperature-controlled (18°C) barn.  Each calf was given 2 
mL of iron (Fe++ ) dextran (100 mg/mL; AmTech, Phoenix Scientific, Inc., St. Joseph, MO) 
intramuscularly, 2.5 mL of BoSe (2.19 mg/mL of sodium selenite, 50 mg of RRR--
tocopherol/mL; Schering-Plough Animal Health, Union, NJ) intramuscularly, and 2 mL of a 
vitamin B complex (Phoenix Scientific, Inc., St. Joseph, MO) subcutaneously upon arrival.  
Calf health was monitored and recorded daily. 
Dietary Treatments.  Before the trial, calves were fed twice daily 0.3 kg of a 20% crude 
protein, 20% fat milk replacer (Instant Nursing Formula: Dairy Herd & Beef Calf Milk 
Replacer; Land O’ Lakes, Inc., Shoreview, MN) reconstituted to 15% DM.  On the first 
Monday after arrival (average age 9.1 ± 2.4 d; wk 0 of the experiment), calves were weighed 
and assigned randomly to one of three treatment groups (8 calves per treatment) designed to 
achieve 3 targeted daily rates of gain [no-growth (NG) = 0.0 kg/d, low-growth (LG) = 0.55 
kg/d, or high-growth (HG) = 1.2 kg/d) in body weight over an 7-wk period.  The NRC 
Nutrient Requirements of Dairy Cattle calf model computer program (14) was used to 
estimate the milk replacer intakes needed to achieve target growth rates.  All calves were fed 
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a 30% crude protein, 20% fat, all-milk protein milk replacer (Table 1, 30-20 Milk Replacer, 
Land O’ Lakes, Inc.) reconstituted to 14% DM.  The diet was formulated to ensure that 
protein would not be a limiting nutrient.  The milk replacer composition is described by 
Foote et al. (13).  Calves were weighed weekly, and the amount of milk replacer fed daily 
was adjusted on the day the weight was taken to allow for changes in BW.  Because vitamin 
concentrations in the milk replacer were based on the DM intake of HG calves, LG and NG 
calves were given supplements of vitamins A, D3, and E once weekly to compensate for 
lesser milk replacer consumption.  Supplements were calculated to ensure that all calves 
received similar amounts of vitamins A, D3, and E. Calves were bucket-fed twice a day (0700 
and 1800 h) and offered water ad libitum.  No starter grain was offered.  The amounts of milk 
replacer offered and refused were recorded at each feeding. 
Preparation and Administration of Vaccines.  All calves were vaccinated subcutaneously in 
the right midcervical region with 10
7
 cfu of Mycobacterium bovis, bacille Calmette Guerin 
(Pasteur strain) at wk 3 of the experiment and also vaccinated subcutaneously in the left 
midcervical region with ovalbumin in Freund’s incomplete adjuvant at wk 3 and wk 5.  
Preparation of these vaccines is described by Foote et al. (13). 
Experiment 1.  The objective of experiment one was to determine the effect of plane of 
nutrition on fasting plasma hormones concentrations over the 7-wk period. 
    Measurement of Plasma Hormones.  Blood was collected by jugular venipuncture weekly 
in the morning before feeding from wk 0 through wk 7.  At each blood sampling, calves were 
fasted for 12 hr and blood was collected in EDTA-containing vacutainer tubes (BD 
Scientific, Franklin Lakes, NJ) and kept at 4 °C during processing.  Samples were 
centrifuged at 3000 x g for 20 min.  For acylated ghrelin samples, 50 µL of 1 N hydrochloric 
225
acid and 10 µL of 10 mg/mL phenylmethylsulfonyl fluoride (PMSF, Sigma, St. Louis, MO) 
in methanol were added for every 1 mL of plasma immediately after centrifugation.  For 
glucagon samples, 50 µL of aprotinin (5500 KIU/mL, Sigma, St. Louis, MO) were added to 
1 mL of plasma with a final concentration of 550 KIU aprotinin per mL of plasma.  All 
plasma samples were stored at -20 °C until assayed.  
     Total ghrelin concentrations were measured by using a commercially available 
radioimmunoassay kit (Linco Research, St. Charles, MO).  The lower limit of detection was 
93 pg/mL, and the intra-assay coefficient of variation was < 10%.  Acylated ghrelin 
concentrations were measured by using a commercially available radioimmunoassay kit 
(Linco Research, St. Charles, MO).  This assay has been found to be highly specific for 
acylated ghrelin with less than 0.1 % cross-reactivity for desoctanoyl ghrelin and no cross 
reactivity with ghrelin 14-28, motilin-related peptide, leptin, insulin, glucagon, or GLP-1 (7-
36).  The lower detection limit was 7.8 pg/mL.  The intra-assay coefficient of variation was < 
10%.  Glucagon concentrations were measured by using a commercially available 
radioimmunoassay (Linco Research, St. Charles, MO).  The lower limit of detection was 20 
pg/mL, and the intra-assay coefficient of variation was < 10%.  Insulin concentrations were 
measured by using a commercially available radioimmunoassay (Linco Research, St. 
Charles, MO).  The lower limit of detection was 0.2 µU/mL, and the intra-assay coefficient 
of variation was < 10%. 
In all hormone RIA assays, samples from calves in each treatment group were 
processed together so that inter-assay effects would be balanced across treatments.   
     Experiment 2.  A subset of calves from Experiment 1 was used to complete Experiment 2.  
Twelve calves (n = 4 per treatment) were selected randomly from the 24 calves in 
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Experiment 1.  Experiment 2 was conducted one wk after the completion of Experiment 1.  
The objective of experiment two was to determine the effect of plane of nutrition on plasma 
ghrelin concentrations during waking hours (06:30 h to 19:30 h). 
     Measurement of Plasma Ghrelin.  After completion of the seven wks of feeding regimes, 
ghrelin concentrations during waking hours were quantified.  Calves were fasted for 12 hr, 
and blood was collected by jugular venipuncture in the morning before feeding at 06:30 h.  
Subsequent blood samples were taken at 07:30, 08:30, 11:00, 13:00, 15:00, 17:30, 18:30, and 
19:30 h.  Calves were fed at 07:00 h and 18:00 h.  All blood samples were collected in 
vacutainer EDTA-containing tubes (BD Scientific, Franklin Lakes, NJ) and kept at 4 °C 
during processing.  Samples were centrifuged at 3000 x g for 20 min.  For acylated ghrelin 
assays, samples were processed as described previously and stored at -20 °C until assayed.  
Statistical Analysis.  Hormone data were analyzed by using the MIXED procedure in SAS 
(Version 9.1, SAS Institute, Cary, NC).  All hormone data were analyzed as a split-plot with 
repeated measures ANOVA.  The model included fixed effects of growth rate (No, Low, or 
High), time (week of experiment or time-point), and treatment × time interaction, and calf 
was included in the model as the random effect.  Significance of the interaction terms are 
listed in Table 2.  For all tests, P < 0.05 was considered significant. 
RESULTS 
Growth Performance.  Rate of growth was 0.11 kg/d for NG calves, 0.58 kg/d for the LG 
calves, and 1.16 kg/d for HG calves and were significantly different from each other 
throughout the study (P < 0.0001, 13).   
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Concentrations of Hormones in Blood 
     Experiment 1.  The degree of caloric restriction significantly affected acylated ghrelin 
concentrations in the blood (Fig. 1).  The interaction term in the model of 
treatment*timepoint was significant (P = 0.0192).  The NG calves had greater concentrations 
of acylated ghrelin (P < 0.05) in comparison to LG and HG calves over the course of the 7-
wk study.  Low caloric intake to achieve no growth in growing calves resulted in a sustained 
high concentrations of acylated ghrelin in plasma over the 7-wk period.  The LG and HG 
calves did have different acylated ghrelin concentrations from each other (P < 0.05); 
however, the difference between the acylated ghrelin concentrations in the LG and HG calves 
was not as pronounced after wk 2.  Nutrient intake to achieve a low rate of gain in growing 
calves resulted in greater plasma acylated ghrelin concentrations for the first 2 wks of the 7-
wk period and decreased plasma acylated ghrelin concentrations for the last 5 wks of the 7-
wk period.  The LG calves adapted to the daily amount of calories provided and maintained 
the selective concentrations of acylated ghrelin in the blood.  Nutrient intake to achieve a 
high rate of gain resulted in a decrease in plasma acylated ghrelin concentrations from the 
beginning of the treatment until wk 4 where the concentrations of acylated ghrelin remained 
constant over the remaining 3 wk.   
    Vaccination with BCG and OVA during wk 3 and OVA during wk 5 affected acylated 
ghrelin concentrations in the blood.  On wks 4 and 6 of the study, a decrease in acylated 
ghrelin concentrations in all groups was observed.  This decrease in ghrelin was significant in 
the NG calves (P < 0.05).  This decrease, however, was not significant in the LG and HG 
calves.  
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     Plane of nutrition did not affect plasma total ghrelin concentrations (Fig. 2).  The 
interaction term in the model of treatment*timepoint was not significant (P = 0.5083).  There 
was no difference in total ghrelin concentrations among all three treatments on wks 1 through 
7.  Total ghrelin concentrations were not different among the treatment groups during wks 1 
through 7; however, total ghrelin concentrations on wks 1 through 4 were greater than wks 5 
through 7 for all treatment groups. 
     Plasma glucagon concentrations were greater in the HG calves on wks 4, 6, and 7 (P < 
0.05) in comparison to both the NG and LG calves (Fig. 3).  On average, HG calves had 
greater plasma glucagon after wk 4 (P < 0.05) than did NG and LG calves.  The HG calves 
had greater plasma glucagon concentrations on wk 2 and wks 4 through 7 in comparison to 
wk 0 (P < 0.05).  Plasma glucagon concentrations were not significantly different between 
the NG and LG calves throughout the entire study.  Both NG and LG calves had lower 
plasma glucagon concentrations on wk 1 in comparison to wk 0 (P < 0.05).  Low Growth 
calves had lower plasma glucagon concentrations in comparison to wk 0 on wk 6 and wk 7 
(P < 0.05).  The interaction term in the model of treatment*timepoint was significant (P = 
0.0229). 
     Feeding calves to achieve a high rate of gain affected insulin concentrations in the blood 
(Fig. 4).  The interaction term in the model of treatment*timepoint was significant (P < 
0.0001).  High Growth calves had greater plasma insulin concentrations (P < 0.001) in 
comparison to the NG and LG calves on at all times after wk 0.  Plasma insulin 
concentrations in the HG calves were significantly greater (P < 0.05) than wk 0 over the 7-
wk period.  Plasma insulin concentrations did not differ between the NG and LG calves 
throughout the study.  However, insulin concentrations in LG calves were greater 
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numerically than insulin concentrations in the NG calves throughout the 7-wk study.  No 
Growth calves had significantly lower plasma insulin concentrations (P < 0.05) in 
comparison to baseline (wk 0) on wks 2 through 7 of the study.
     Experiment 2.  Feed intake did not affect plasma acylated ghrelin concentrations over the 
course of a day (Fig. 5).  No Growth calves had greater acylated ghrelin concentrations at 
06:30 h (fasting) in comparison with those of the LG and HG calves.  Acylated ghrelin 
concentrations in the NG, LG, and HG calves did not differ from each other from 06:30 h to 
19:30 h.  The interaction term in the model of treatment*timepoint was not significant (P = 
0.6954). 
     Overall, feed intake did not affect total ghrelin concentrations in the blood during waking 
hours (06:30 h-19:30 h, Fig. 6).  Total ghrelin total concentrations responded similarly in all 
treatment groups.  The interaction term in the model of treatment*timepoint was not 
significant (P = 0.2559). 
DISCUSSION  
 Amount of dietary intake significantly influenced acylated ghrelin concentrations in the 
blood.  Our results indicate that feeding to achieve either a low or high growth rate led to a 
similar suppression in acylated ghrelin concentrations that persisted throughout the study.  
These results show that positive energy balance at either moderate (i.e. normal) or higher 
(overnutrition) levels is sufficient to suppress ghrelin concentrations in neonates.  In contrast, 
feeding to achieve no-growth caused an increase in acylated ghrelin concentrations 
throughout the study.  The greater acylated ghrelin concentrations in the NG calves in 
comparison to the LG and HG calves seems to be related to the amount of calories ingested 
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as shown by Callahan et al. (15).  Greater acylated ghrelin concentrations occur in lactating 
dairy cows in negative energy balance and in fasted steers (10-11).  In human neonates, 
infants with failure to thrive have elevated ghrelin concentrations and restricted growth (16).
     The decrease in acylated ghrelin concentrations on wks 3 through 7 in the LG group is 
most likely an adaptive response to energy intake.  Post-prandial acylated ghrelin suppression 
is associated positively with caloric intake (15).  However, we observed similar 
concentrations of acylated ghrelin in the LG and HG calves after wk 2 despite the caloric 
difference between the two diets.  The lack of a difference between acylated ghrelin 
concentrations between the LG and HG calves suggests a threshold at which acylated ghrelin 
concentrations is not affected by energy balance and caloric intake.   
 Protein malnutrition can lead to stunted growth in humans.  In the NG calves, growth was 
stunted by the amount of calories and not the amount of protein in the diet because protein in 
the diet was calculated to not be a limiting factor.  Acylated ghrelin in cattle is elevated 
during times of negative energy balance, but little is known about the effects of insufficient 
protein energy (11-12). 
     After vaccination on wk 3 and 5, acylated ghrelin concentrations in NG calves were 
significantly lower from baseline (wk 0) after vaccination on wks 4 and 6, and a pattern of 
suppression of acylated ghrelin following vaccination was present in all groups.  It is possible 
that the immune response to vaccination with OVA in Freund’s incomplete adjuvant 
contributed to the decrease in acylated ghrelin.  We hypothesize that cytokines may influence 
appetite through the suppression of acylated ghrelin concentrations in the wk after each 
vaccination.  In disease states, several cytokines (IL-6, IL-1, and TNF-) are involved in the 
development of cachexia-anorexia syndrome (17-19).  These cytokines have been shown to 
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play an important role in normal food intake control and energy balance (20).  Ghrelin has 
been shown to function as a signal coupling the immune system and the metabolic axis (21-
22).  However, this report is the first, to our knowledge, to show how an immune challenge 
(i.e., vaccination) can affect circulating ghrelin concentrations in vivo.  Interestingly, the 
degree of suppression was dependent on nutritional status.  
    We observed a significant effect of caloric intake on acylated ghrelin concentrations with 
no significant effect of caloric intake on total ghrelin concentrations during the 7-wk period.  
Several studies have indicated that total ghrelin is a good marker for acylated ghrelin 
concentrations (23-24).  In 2009, Ping and Bistrian showed that total ghrelin concentrations 
were not different in rats fed ad libitum, 25%, and 50% of ad libitum intake with normal, 
slowed, and stunted growth, respectively (25).  In our study, NG calves had greater acylated 
ghrelin concentrations than did the LG and HG calves (Fig. 1); whereas total ghrelin was not 
significantly different in the three groups (Fig. 2).  The growth rates and total ghrelin 
concentrations between our study and the study by Ping and Bistrian (25) had a similar 
response to the decrease in caloric content of the diet.  The discrepancy in findings on ghrelin 
concentrations with respect to dietary manipulation can be explained by the methods used to 
analyze ghrelin concentrations and the form of ghrelin measured and reported.  Our data 
suggest that total ghrelin is not a good marker for acylated ghrelin concentrations in neonatal 
calves.   
      Despite elevated blood glucose concentrations (13), HG calves have greater plasma 
glucagon concentrations over the last 4 wks of the study in comparison with that of the LG 
and NG calves.  In neonates, plasma glucagon concentrations are not suppressed by glucose 
concentrations in the blood (26).  Neonatal insulin response to glucose concentrations in the 
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blood is not as well developed as the insulin response in adults (27).  The lack of suppression 
of glucagon concentrations in the HG calves could be the result of the poor insulinogenic 
effect of glucose (27).  
      Insulin regulates plasma glucose concentrations and energy balance (28).  Insulin 
concentrations increased in the HG group over the 7-wk period.  In addition, HG calves had 
increasing weight gain over the 7-wk period (13).  Blood glucose concentrations in the HG 
calves were higher than blood glucose concentrations of NG and LG calves (13).  The rise in 
insulin is partially in response to the high blood glucose concentrations (27).  However, 
blood glucose does not decrease after wk 2 (13), even though insulin concentrations are still 
increasing over wks 2 through 7.  In human neonates, the response of insulin to rising 
glucose concentrations in the blood is not as well developed as in adults (27).  The poor 
insulinogenic effect of glucose and the lack of suppression of glucagon may explain the 
increasing concentrations of insulin and elevated glucose concentrations over the 7-wk 
period in the HG calves.  
     The number of children diagnosed with Type II diabetes has been increasing as the rates 
of obesity in children has been increasing (29).  The cause in insulin resistance is unclear.  
Obesity is thought to be a predictor of insulin resistance in children (30).  However, not all 
obese children develop insulin resistance (31).  In contrast, the fetal origins hypothesis 
indicates undernutrition in fetal development and infancy can lead to Type II diabetes later in 
life (32).  High growth calves may be developing insulin resistance as a result of increased 
adiposity.  However, NG calves also may be at risk for developing insulin resistance as well. 
     An inverse relationship between ghrelin and insulin has been described in cattle (12, 33).  
Acylated ghrelin concentrations in the LG group were greater than the HG group only during 
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the first few weeks of life and were the same as the HG group for the remainder of the study, 
whereas insulin concentrations in the LG calves were lower than insulin concentrations in the 
HG calves from wks 1 to 7.  These data suggest that insulin may be a signal of adiposity in 
calves fed to achieve a high growth rate and may play a role in regulating food intake.
 In meal-fed sheep, plasma acylated ghrelin concentrations increased pre-prandially and 
decreased post-prandially (34).  However, we did not observe a pre-prandial increase and 
post-prandial decrease in acylated or total ghrelin concentrations.  These results are 
consistent with pre- and post-prandial effects observed in 3-mo-old calves (35).  In human 
neonates and young children, total ghrelin concentrations did not differ pre and 
postprandially, whereas total ghrelin in adult humans decreased post-prandially (36-37).  
Several factors may be influencing these results.  These discrepancies may be attributed to 
developmental age, sampling time, or food matrix (liquid versus solid) (38).    
     Acylated ghrelin concentrations in growing preruminant calves differ from acylated 
ghrelin concentrations in adult ruminants, but do not differ from acylated ghrelin 
concentrations in growing ruminant calves.  In growing ruminant calves, acylated ghrelin 
concentrations are lower than concentrations in mature cows and are not influenced by meals 
to the extent they are in mature cows (35).  Ghrelin concentrations are lower in infants fed 
breast milk/formula in comparison to infants fed solid foods (38).  Ghrelin mRNA in the 
digestive tract of adult ruminants is predominantly produced in the abomasum with smaller 
amounts produced in the small intestine (Wertz-Lutz, SDSU, Brookings, SD, personal 
communication).  Moreover, the response of ghrelin in our experiment is similar to the 
response of ghrelin in rodents and humans (39).  Because ghrelin is not produced in 
significant amounts in the rumen of cattle, the type of feed and frequency of feeding may be 
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influencing ghrelin concentrations between mature and preruminant cattle rather than 
developmental state of the ruminant digestive tract. 
       In conclusion, our results indicate that ghrelin and insulin concentrations are regulated 
by plane of nutrition in the neonatal calf.  In addition, our results suggest a threshold at which 
acylated ghrelin concentrations are not affected by energy balance and caloric intake.  The 
preruminant calf provides a unique tool to investigate the effects of nutrient status on 
metabolism and appetite regulation in neonates.  The effect of immune challenge on the 
circulation of appetite-regulating hormones warrants further investigation. 
LITERATURE CITED 
1. Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K. Ghrelin is a GH-
releasing acylated peptide from stomach. Nature 1999;402:656-60. 
2. Date Y, Kojima K, Hosoda H, Sawaguchi A, Mondal MS, Suganuma T, Matsukura S, 
Kangawa K, Nakazato M. Ghrelin, a novel GH-releasing acylated peptide, is 
synthesized in a distinct endocrine cell type in the gastrointestinal tracts of rats and 
humans. Endocrinology 2000;141:4255-61.  
3. Hayashida T, Murakami K, Mogi K, Nishihara M, Nakazato M, Mondal MS, Horii Y, 
Kojima M, Kangawa K, Murakami N. Ghrelin in domestic animals: distribution in the 
stomach and its possible role. Domest Anim Endocrinol. 2001;21:17-24. 
4. Wren AM, Bloom SR. Gut hormones and appetite control. Gastroenterology. 
2007;132:2116-30. 
235
5. Asakawa A, Inui A, Fujimiya M, Sakamaki R, Shinfuku N, Ueta Y, Meguid MM, 
Kasuga M. Stomach regulates energy balance via acylated ghrelin and desacyl 
ghrelin. Gut. 2005;54:18-24. 
6. ThidarMyint H, Yoshida H, Ito T, Kuwayama H. Dose-dependent response of plasma 
ghrelin and growth hormone concentrations to bovine ghrelin in Holstein heifers. J 
Endocrinol. 2006;189:655-64. 
7. Korbonits M, Grossman AB. Ghrelin: update on a novel hormonal system. Eur J 
Endocrinol. 2004;151:S67-70. 
8. Tschöp MH, Smiley DL, Heiman ML. Ghrelin induces adiposity in rodents. Nature. 
2000;407:908-13. 
9. Salbe AD, Tschöp MH, DelParigi A, Venti CA, Tataranni PA. Negative relationship 
between fasting plasma ghrelin concentrations and ad libitum food intake. J Clin 
Endocrinol Metab. 2004;89:2951-6. 
10. Wertz-Lutz AE, Knight TJ, Pritchard RH, Daniel JA, Clapper JA, Smart AJ,  Trenkle 
A, Beitz DC. Circulating ghrelin concentrations fluctuate relative to nutritional status 
and influence feeding behavior in cattle.  J Anim Sci. 2006;84:3285-300.  
11. Bradford BJ, Allen MS. Negative energy balance increases periprandial ghrelin and 
growth hormone concentrations in lactating dairy cows.  Domest Anim Endocrinol. 
2008;34:196-203. 
12. Wertz-Lutz AE, Daniel JA, Clapper JA, Trenkle A, Beitz DC. Prolonged, moderate 
nutrient restriction in beef cattle results in persistently elevated circulating ghrelin 
concentrations. J Anim Sci. 2008;86:564-75. 
236
 Foote MR, Nonnecke BJ, Beitz DC, Waters WR. High growth rate fails to enhance 
adaptive immune responses of neonatal calves and is associated with reduced 
lymphocyte viability.  J Dairy Sci. 2007;90:404-17.
14. NRC (National Research Council). Nutrient Requirements of Dairy Cattle. Natl Acad 
Sci. Washington, D.C. 2001. 
15. Callahan HS, Cummings DE, Pepe MS, Breen PA, Matthys CC, Weigle DS.  
Postsuppression of plasma ghrelin level is proportional to ingested caloric load but 
does not predict intermeal interval in humans.  J Clin Endocrinol Metab. 
2004;89:1319-24. 
16. Tannenbaum GS, Ramsay M, Martel C, Samia M, Zygmuntowicz C, Porporino M, 
Ghosh S. Elevated circulating acylated and total ghrelin concentrations along with 
reduced appetite scores in infants with failure to thrive. Pediatr Res. 2009;65:569-73. 
17. Sonti G, Ilyin SE, Plata-Salaman CR. Anorexia induced by cytokine interactions at 
pathophysiological concentrations. Am J Physiol. 1996;270:R1394–1402. 
18. Laviano A, Gleason JR, Meguid MM, Yang ZJ, Cangiano C, Rossi Fanelli F. Effects 
of intra-VMN mianserin and IL-1ra on meal number in anorectic tumor-bearing rats. 
J Investig Med. 2000;48:40–8. 
19. Garcia JM, Garcia-Touza M, Hijazi RA, Taffet G, Epner D, Mann D, Smith RG, 
Cunningham GR, Marcelli M. Acylated ghrelin levels and acylated to total ghrelin 
ratio in cancer-induced cachexia. J Clin Endocrinol Metab. 2005;90:2920-6. 
20. Langhans W, Hrupka B. Interleukins and tumor necrosis factor as inhibitors of food 
intake. Neuropeptides 1999;33:415-24. 
237
21. Dixit VD, Schaffer EM, Pyle RS, Collins GD, Sakthivel SK, Palaniappan R, Lillard 
JW Jr, Taub DD. Ghrelin inhibits leptin- and activation-induced proinflammatory 
cytokine expression by human monocytes and T cells. J Clin Invest. 2004;114:57-66. 
22. Dixit VD, Yang H, Cooper-Jenkins A, Giri BB, Patel K, Taub DD. Reduction of T 
cell-derived ghrelin enhances proinflammatory cytokine expression: implications for 
age-associated increases in inflammation. Blood. 2009;113:5202-5. 
23. Monteleone P, Bencivenga R, Longobardi N, Serritella C, Maj M. Differential 
responses of circulating ghrelin to high-fat or high-carbohydrate meal in healthy 
women. J Clin Endocrinol Metab. 2003;88:5510–4. 
24. Lucidi P, Murdolo G, Di Loreto C, Parlanti N, De Cicco A, Fatone C, Taglioni C, 
Fanelli C, Broglio F, et al.  Meal intake similarly reduces circulating concentrations 
of octanoyl and total ghrelin in humans. J Endocrinol Invest. 2004;27:RC12–5. 
25. Ping PR, Bistrian BR. Comparison of the effects of food versus protein restriction on 
selected nutritional and inflammatory markers in rats. Metabolism. 2009;58:835-42. 
26. Massi-Benedetti F, Falorni A, Luyckx A, Lefebvre P. Inhibition of glucagon secretion 
in the human newborn by simultaneous administration of glucose and insulin. Horm 
Metab Res. 1974;6:392-6. 
27. Milner RDG. 1971. The development of insulin secretion in man. In: H.E. Stenfert 
Kroese, editor. Nutricia Symposium. Metabolic processes in the foetus and newborn 
infant. Netherlands:N.V. Leiden. p. 193-207. 
28. Itoh F, Komatsu T, Kushibiki S, Hodate K. Effects of ghrelin injection on plasma 
concentrations of glucose, pancreatic hormones and cortisol in Holstein dairy cattle. 
Comp Biochem Physiol A Mol Integr Physiol. 2006;143:97-102.   
238
29. Rocchini AP. Childhood obesity and a diabetes epidemic. N Engl J Med. 
2002;346:854-5. 
30. Sinaiko AR, Jacobs DR Jr, Steinberger J, Moran A, Luepker R, Rocchini AP, Prineas 
RJ. Insulin resistance syndrome in childhood: associations of the euglycemic insulin 
clamp and fasting insulin with fatness and other risk factors. J Pediatr. 2001;139:700-
7. 
31. Sinha R, Fisch G, Teague B, Tamborlane WV, Banyas B, Allen K, Savoye M, Rieger 
V, Taksali S, Barbetta G, Sherwin RS, Caprio S. Prevalence of impaired glucose 
tolerance among children and adolescents with marked obesity. N Engl J Med. 
2002;346:802-10. 
32. Barker DJP. The Developmental Origins of Adult Disease. J Am Coll Nutr. 
2004;23:588S-95S. 
33. Sugino T, Hasegawa Y, Kurose Y, Kojima M, Kangawa K, Terashima Y. Effects of 
ghrelin on food intake and neuroendocrine function in sheep. Anim Reprod Sci. 
2004;82-83:183-94. 
34. Miura H, Tsuchiya N, Sasaki I, Kikuchi M, Kojima M, Kangawa K, Hasegawa Y, 
Ohnami Y. Changes in plasma ghrelin and growth hormone concentrations in mature 
Holstein cows and three-month-old calves. J Anim Sci. 2004;82:1329-33. 
35. Bellone S, Castellino N, Broglio F, Rapa A, Vivenza D, Radetti G, Bellone J, Gottero 
C, Ghigo E, Bona G.  Ghrelin secretion in childhood is refractory to the inhibitory 
effect of feeding. J Clin Endocrinol Metab. 2004;89:1662-5. 
36. Bellone S, Baldelli R, Radetti G, Rapa A, Vivenza D, Petri A, Savastio S, Zaffaroni 
M, Broglio, et al. Ghrelin secretion in preterm neonates progressively increases and is 
239
refractory to the inhibitory effect of food intake. J Clin Endocrinol Metab. 
2009;91:1929-33. 
37. Hübler A, Rippel C, Kauf E, Hoyer H, Mainz J, Schlenvoigt D, Schramm D. 
Associations between ghrelin levels in serum of preterm infants and enteral 
nutritional state during the first 6 months after birth. Clin Endocrinol. 2006;65:611-6. 
38. Roche JR, Sheahan AJ, Chagas LM, Boston RC. Short communication: change in 
plasma ghrelin in dairy cows following an intravenous glucose challenge.  J Anim 
Sci. 2008;91:1005-10. 
ACKNOWLEDGEMENTS 
 Authors would like to thank P. Allen and A. Brown of the Nutritional Physiology Group 
at Iowa State University for assistance with the blood collection and hormone assays.  
Authors thank N. Eischen and D. McDorman of the NADC for technical support.  Authors 
also thank E. Miller, A. Moser, and P. Amundson for excellent animal care. Milk replacer 
was generously donated by Land O’Lakes, Inc., Webster City, IA with special thanks to 
Mike Fowler, Dr. Bill Miller, and Tom Johnson.  MBB, MRF, and BJN designed the 
research; MBB and MRF conducted the research; MBB analyzed the data; MBB wrote the 
paper; DCB had primary responsibility for final content.  All authors read and approved the 
final manuscript 
240
Table 1. Nutrient mix for 30/20 milk replacer 
Component Unit Analysis 
Crude protein % of DM 30.10 
Fat % of DM 20.30 
Lactose % of DM 32.65 
Vitamin D3 IU/lb (IU/kg) 5,151 (11,365) 
Vitamin A IU/lb (IU/kg) 20,600 (45,415) 
Vitamin E IU/lb (IU/kg) 100 (220.46) 
Calcium % of DM 0.90 
Phosphorous % of DM 0.84 
Magnesium % of DM 0.12 
Copper PPM 10.08 
Zinc PPM 41.79 
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Table 2.  Significance of terms in the statistical model
1
Model Term Acylated 
Ghrelin 
Total 
Ghrelin 
Glucagon Insulin 
Experiment 1     
Treatment < 0.0001 0.0026 < 0.0001 < 0.0001 
Time < 0.0001 < 0.0001 < 0.0001 0.6172 
Time*treatment 0.0192 0.5083 0.0229 < 0.0001 
Experiment 2     
Treatment < 0.0001 0.0046 NA
*
 NA 
Timepoint 0.0235 < 0.0001 NA NA 
Timepoint*treatment 0.6594 0.2559 NA NA 
1
P < 0.05 was considered significant and 0.05 > P < 0.1 was considered a trend.
  
 *
NA = not available as glucagon and insulin were not measured.
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Figure 1.  Acylated ghrelin concentrations (mean ± SEM) in the peripheral blood of calves 
fed milk replacer to achieve no, low, and high growth rates (n = 8 per treatment).  Dietary 
treatments were initiated at wk 0, and all calves were vaccinated with Mycobacterium bovis, 
Bacillus Calmette Guerin at wk 3 and with ovalbumin at wk 3 and 5.  a–c Treatment means 
with different superscripts at specific times differ, P < 0.05.  *Means within a treatment 
group differ from the wk 0 value, P < 0.05. 
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Figure 2.  Total ghrelin concentrations (mean ± SEM) in the peripheral blood of calves fed 
milk replacer to achieve no, low, and high growth rates (n = 8 per treatment).  Dietary 
treatments were initiated at wk 0, and all calves were vaccinated with Mycobacterium bovis, 
Bacillus Calmette Guerin at wk 3 and with ovalbumin at wk 3 and 5.  a–c Treatment means 
with different superscripts at specific times differ, P < 0.05.  *Means within a treatment 
group differ from the wk 0 value, P < 0.05. 
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Figure 3. Glucagon concentrations (mean ± SEM) in the peripheral blood of calves fed milk 
replacer to achieve no, low, and high growth rates (n = 8 per treatment).  Dietary treatments 
were initiated at wk 0, and all calves were vaccinated with Mycobacterium bovis, Bacillus 
Calmette Guerin at wk 3 and with ovalbumin at wk 3 and 5.  a–c Treatment means with 
different superscripts at specific times differ, P < 0.05.  *Means within a treatment group 
differ from the wk 0 value, P < 0.05. 
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Figure 4.  Insulin concentrations (mean ± SEM) in the peripheral blood of calves fed milk 
replacer to achieve no, low, and high growth rates (n = 8 per treatment).  Dietary treatments 
were initiated at wk 0, and all calves were vaccinated with Mycobacterium bovis, Bacillus 
Calmette Guerin at wk 3 and with ovalbumin at wk 3 and 5.  a–c Treatment means with 
different superscripts at specific times differ, P < 0.05.  *Means within a treatment group 
differ from the wk 0 value, P < 0.05. 
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Figure 5.  Acylated ghrelin concentrations (mean ± SEM) in the peripheral blood of calves 
fed milk replacer to achieve no, low, and high growth rates (n = 4 per treatment).  Calves 
were 8 wk of age.  Calves were fed at 07:00 and 18:00 indicated by vertical lines.  a–c 
Treatment means with different superscripts at specific times differ, P < 0.05.  *Means 
within a treatment group differ from the baseline (06:30) value, P < 0.05.
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Figure 6.  Effect of growth rate on total ghrelin concentrations (mean ± SEM) in the 
peripheral blood of calves fed milk replacer to achieve no, low, and high growth rates (n = 4 
per treatment).    Calves were 8 wk of age.  Calves were fed at 07:00 and 18:00 indicated by 
vertical lines.  a–c Treatment means with different superscripts at specific times differ, P < 
0.05.  *Means within a treatment group differ from the baseline (06:30) value, P < 0.05. 
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Chapter V 
General Summary and Conclusions 
Summary 
Chapters II and III: Part I 
      In this study, we investigated the effects of consuming breakfast on hormone 
concentrations changes before and after lunch.  Consumption of breakfast may be a key 
element to successful weight loss.  In this study, visual analog scale of hunger and fullness 
were not taken but informally reported feeling less hunger and increased fullness when 
consuming the Atkins diet versus the AHA diet in both men and women.   
     Adiponectin has not been shown to be influenced by dietary composition, and we did not 
observe a difference in adiponectin concentrations in women between the AHA and Atkins 
diets.  Adiponectin concentrations were different between the fasted and fed states.  In 
contrast, plasma adiponectin concentrations before lunch in men were influenced by diet, 
weight class, sequence and the consumption of breakfast.  In the female study, there was no 
significant change in adiponectin concentrations from the fasted or fed pre-prandial state to 
the post-prandial state.  We did not observe a significant difference in adiponectin 
concentrations between normal weight and overweight women, which may indicate that 
overweight women do not respond similarly to obese women.  In the male study, dietary 
composition affected adiponectin concentrations before lunch and the change in adiponectin 
concentrations.  The influence of the dietary composition was different between overweight 
men and normal weight men.   
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      In our study, overweight women tended to have lower ghrelin than did the normal weight 
women when consuming a high carbohydrate diet.  There was no difference in ghrelin 
concentrations between normal and overweight women when a low carbohydrate, high 
protein diet was consumed.  The macronutrient content of the diet influenced the acylated 
ghrelin concentrations in normal weight women consuming the AHA but not normal weight 
women consuming the Atkins diet, nor overweight women consuming the AHA or Atkins 
diets.  Normal weight and overweight women consuming the Atkins diet had no change in 
acylated ghrelin from the preprandial to postprandial state.  Weight class may be less 
important than diet in determining the response of acylated ghrelin in women.  Men had 
higher acylated ghrelin in the fasted state in comparison to the fed state.  We observed a 
difference in acylated ghrelin concentrations between the Atkins and AHA diets before 
lunch.  In the fed state, normal weight women fed the Atkins diet had higher total ghrelin 
concentrations than did normal weight women fed the AHA diet.  There was no change in 
total ghrelin concentrations from pre-prandial to postprandial state in women. 
      In women, GH concentrations were higher in the fasted state in comparison to the fed 
state.  In addition, the change in GH concentrations was greater in the fasted state in 
comparison to the fed state.  In men, GH concentrations may not have been high enough to 
regulate ghrelin concentrations as seen in women under the same conditions.  Men 
consuming the AHA diet had an increase in acylated ghrelin concentrations over the lunch 
period; whereas, there was no change in acylated ghrelin concentrations in men consuming 
the Atkins diet. 
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       Glucagon concentrations were influenced by dietary composition in women.  Women 
consuming the Atkins diet had higher glucagon in comparison to women consuming the 
AHA diet.  However, in men, glucagon concentrations were influenced by the dietary 
composition, weight class, sequence and physiological state.   
      Insulin concentrations were influenced by weight, diet, and physiological state in women.  
Insulin concentrations were lower in overweight women consuming the Atkins diet in 
comparison to the AHA diet.  Insulin concentrations were higher in the fed state versus the 
fasted state in overweight women consuming the AHA diet.  The increase in insulin 
concentrations was higher in normal weight women in comparison to overweight women 
consuming the AHA diet in the fed state and was seen in overweight women but only when 
consuming the AHA diet, which indicates that consuming a higher protein/lower 
carbohydrate diet such as the Atkins diet results in lower insulin concentrations.  Overweight 
women consuming the AHA diet had a decrease in insulin concentrations over lunch in the 
fed state in comparison to an increase in insulin concentrations in the fasted state over lunch.  
However, in normal weight women fed the AHA diet, insulin concentrations increased in the 
women who were fasted or who had consumed breakfast.  Breakfast did not have the same 
effect in normal weight women as consuming breakfast did in overweight women. 
      Insulin concentrations were higher in men who had consumed breakfast in comparison to 
men who were fasted.  In addition, men consuming the Atkins diet had lower insulin 
concentrations in comparison the men consuming the AHA diet.  The change in insulin 
concentrations over lunch were influenced by the interaction weight, diet, and physiological 
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state.  Fasted overweight men had an increase in insulin concentration over lunch when 
consuming the AHA diet in comparison fasted overweight men consuming the Atkins diet.   
    
     Overweight women had higher leptin concentrations in comparison to normal weight 
women in both physiological states when fed the Atkins diet and in the fasted state when fed 
the AHA diet.  In addition, leptin concentrations were higher in overweight men in 
comparison to normal weight men when consuming the AHA diet when the AHA diet was 
given before the Atkins diet.  Consuming the Atkins diet before the AHA diet may have 
influenced the response of leptin to the AHA diet.  There were no differences in the change 
in leptin concentrations in women.  However, leptin concentrations increased over lunch 
when overweight men had consumed breakfast whereas leptin concentrations decreased in 
overweight men over lunch when breakfast was not eaten. 
Chapters II and III: Part II 
     There was an effect of sequence (period*diet) in all hormones with the exception of 
glucagon in men.  In this exploratory study, we did not have an adjustment period before 
period 1 and food logs were not taken.  Hormones react relatively quickly to changes in diet, 
however, it is not known how long humans take to adjust to a meal schedule and set amount 
of calories per day when coming from varied diet and prior habits.  We demonstrated that 
there are confounding factors that play into differences in hormone concentrations.  These 
confounding factors may explain the discrepancy in results related to studies of single 
macronutrient effects on hormone concentrations.  
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     Our data on overweight men in period 1 consuming the Atkins diet might suggest that 
overweight men consuming the Atkins diet would have adiponectin responses more similar 
to obese men than normal weight men would.  However, there was no difference in between 
overweight men and normal weight men consuming the Atkins diet in period 2 and no 
difference in adiponectin concentrations between overweight and normal weight men 
consuming the AHA diet in either period.  Adiponectin concentrations responded differently 
in overweight and normal weight women consuming the AHA or Atkins diets in each 
sequence, which is different from the findings of our study in men.   
Growth hormone concentrations increased in normal weight women at the same time or after 
adiponectin concentrations appeared to be higher, but this relationship was not apparent in 
men. 
     There were no differences in acylated ghrelin concentrations between the Atkins and 
AHA diet in normal weight women when the AHA diet was given before the Atkins diet.  
We did see higher acylated ghrelin concentrations in normal weight women fed the AHA diet 
in comparison the Atkins diet when the Atkins diet was given before the AHA diet.  In this 
study, there were no clear preprandial increases in acylated ghrelin concentrations before 
meals.  However, in our study with men, there is a dramatic increase in acylated ghrelin 
concentrations in normal weight and overweight men consuming the AHA diet when the 
Atkins diet was given before the AHA diet.  The consumption of the Atkins diet before the 
AHA diet may have altered the response of the body to the AHA diet in period 2.  Total 
ghrelin concentrations increased in men consuming the AHA diet in period 2 and the peak is 
at the same time as the increase in acylated ghrelin concentrations.  Total ghrelin 
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concentrations differed after breakfast to one hour after lunch in normal weight women 
starting on the AHA diet and in all overweight women.   
     The increased glucagon concentrations were for a longer duration in women consuming 
the Atkins diet in when the AHA diet was given before the Atkins diet in comparison to 
when the Atkins diet was given before the AHA diet.  The increased glucagon concentrations 
from hours 7-14 were higher in overweight men at hours 8 and 14 in comparison to normal 
weight men consuming the Atkins diet.  Unlike our previous study with women, sequence 
did not affect the response of glucagon concentrations to diet and weight. 
    Overall, overweight and normal weight men consuming the Atkins diet had lower insulin 
concentrations in comparison to overweight and normal weight men consuming the AHA 
diet.  There were differences in the response of insulin to the diet in the different sequences 
and weight classes around meals.  Normal weight and overweight men responded differently 
to the AHA or Atkins diet when the sequence in which the diets were administered was 
different.  Overweight and normal weight women consuming the Atkins diet had lower 
insulin concentrations in comparison to overweight and normal weight women consuming 
the AHA diet after breakfast and after dinner.  There were differences in the response of 
insulin to the diet in the different sequences around lunchtime and before and right after 
dinner.  When the AHA diet was consumed, insulin concentrations had more profound spikes 
after meals in comparison to when the Atkins diet was consumed. 
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     Leptin concentrations remained relatively stable over the 14-hour period in men and 
women, which agrees with the previous findings of the 24-hour pattern of leptin 
concentrations.  Overweight women consuming the Atkins and the AHA diets when the 
Atkins diet was given before the AHA had higher leptin concentrations in comparison to 
normal weight women and overweight women in the opposite sequence.  However, 
overweight men in period 1 had a decrease in leptin concentrations from hours 10-14 which 
has not been previously reported. 
Chapter IV: Caloric Effects 
     Amount of dietary intake significantly influenced acylated ghrelin concentrations in the 
blood.  Our results indicate that feeding to achieve either a low or high growth rate led to a 
similar suppression in acylated ghrelin concentrations that persisted throughout the study.  
The lack of a difference between acylated ghrelin concentrations between the LG and HG 
calves suggests a threshold at which acylated ghrelin concentrations is not affected by energy 
balance and caloric intake.   
     We observed a significant effect of caloric intake on acylated ghrelin concentrations with 
no significant effect of caloric intake on total ghrelin concentrations during the 7-wk period.   
Despite elevated blood glucose concentrations, HG calves have greater plasma glucagon 
concentrations over the last 4 wks of the study in comparison with that of the LG and NG 
calves.  Insulin concentrations increased in the HG group over the 7-wk period.  In addition, 
HG calves had increasing weight gain over the 7-wk period.  Blood glucose concentrations in 
the HG calves were higher than blood glucose concentrations of NG and LG calves.
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General Conclusions 
     In Part I of the human studies, we investigated the effects of consuming breakfast on 
hormone concentrations changes before and after lunch.  In this study, visual analog scale of 
hunger and fullness were not taken but informally reported feeling less hunger and increased 
fullness when consuming the Atkins diet versus the AHA diet.  Consuming breakfast may 
improve the insulin response to the lunch meal and decrease insulin resistance whereas 
skipping breakfast increases insulin concentrations over the lunch period when consuming a 
high carbohydrate diet such as the AHA diet.   
     In Part II, the response of the select hormones was measured over 14 hours.  From this 
part of the study, we can conclude that overweight and normal weight men respond 
differently to the dietary interventions.  In addition, sequence affected the concentrations of 
hormones in the blood.  More research is needed to determine the effects of switching diets 
on the concentrations of hormones in the blood and human health.  In this study, we 
measured multiple hormones from the same subjects at the same time.  By doing this, we 
have gained insight into the interplay between hormone concentrations in response to the diet 
and develop studies to further test the relationship of these hormones.  In women, we have 
shown a possible relationship of GH and adiponectin, which warrants further study.   
     Our results from the calf study indicate that ghrelin and insulin concentrations are 
regulated by plane of nutrition in the neonatal calf.  In addition, our results suggest a 
threshold at which acylated ghrelin concentrations are not affected by energy balance and 
caloric intake.  High growth calves may be developing insulin resistance because of 
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increased adiposity.  However, NG calves also may be at risk for developing insulin 
resistance as well.  The preruminant calf provides a unique tool to investigate the effects of 
nutrient status on metabolism and appetite regulation in neonates.  The effect of immune 
challenge on the circulation of appetite-regulating hormones warrants further investigation. 
     Universal dietary guidelines may not be appropriate for all humans to achieve optimal 
health.  Grouping normal weight, overweight, and obese women and men would not be 
appropriate based on results in this study and previous research.  Weight class affected some 
hormone concentrations differently and thus women and men in overweight and normal 
weight classes should be analyzed separately.  In addition, dietary composition influences 
hormone concentrations.  High protein diets affected hormone concentrations differently in 
comparison to a high carbohydrate diet.  The differences in findings between studies lie with 
the total dietary composition.  Several high protein diets increased the percent of calories 
from protein by lowering the percent calories from lipid or by lowering calories from both 
carbohydrate and lipid.  Each class of macronutrients influences hormone concentrations, 
care should be taken when drawing conclusions about the general effects of high protein 
diets, and more generally, any diet based on changing a single macronutrient.  Experimental 
design is critical in obtaining information on the relationship of hormones related to appetite 
and body composition. 
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Future Research 
1.  Conduct the above human studies again with modifications 
In the above exploratory study, one should note the importance of schedule and prior 
dietary habits on the effects of macronutrient concentrations.  I would modify the 
above study in the following ways.   
a) I would have more involved screening for the selection of participants.  I 
would study African American, Hispanic/Latino, Asians, and Caucasians 
separately.  In addition, I would pick individuals who have lived in the United 
States for an extended period as the lifestyle and dietary habits of individuals 
from other countries may influence the response of the participant to the 
dietary intervention.  As well as a baseline sample would be taken and all of 
the hormones in the study measured to screen for abnormal concentrations or 
patterns.  Body fat mass would be taken by bioelectrical impedance (BIA) 
prior to selection. 
b) One month prior to the dietary treatments, I would have the individuals begin 
eating their meals on the schedule that they would follow during the dietary 
treatments.   
c)  I would obtain daily exercise and sleep logs from the participants 
d) During all blood testing, visual analogs scales of hunger, satiety, and overall 
health would taken 
e) Normal weight, overweight, and obese individuals would be studied in both 
sexes 
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f) The 14-hour samples would be taken the Saturday before the beginning of the 
dietary treatments in addition to the current study. 
2. Conduct a free-living self-reporting study in conjunction with number 1.  These 
individuals would undergo the same blood-sampling schedule but would be counseled 
on the diets and given guidelines on how to prepare the diets themselves.  They would 
be subject to all of the other measurements of the participants above with the 
exception of having all meals prepared for them and having to consume those meals 
in a research unit.   
3.  Conduct research with the AHA and Atkins diets in different age groups.  Age plays 
a role in the concentration of many hormones.  Diets would be modified to provide 
necessary nutrition for the selected age groups.  Ideally, children prior to puberty, 
children after the onset of puberty, young adult of reproductive age, and men and 
postmenopausal women would be studied.  Each of these groups has different 
metabolic and hormone profiles and the effects of diet should be studied in each 
group to assess the response to macronutrient compositions. 
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